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SUMMARY 

Twelve oxide f i b e r  products  comprising bu lk  f i b e r s  and b l anke t  
i n s u l a t i o n s  and inc lud ing  s i l i c a ,  alumina, s t a b i l i z e d  z i r c o n i a ,  
m u l l i t e ,  s i l i ca-chromia ,  a lumina - s i l i ca ,  and a lumina - s i l i ca -  
chromia systems were eva lua ted  f o r  chemical and dimensional  
s t a b i l i t y  and f o r  changes i n  thermal  conduc t iv i ty  when exposed 
up t o  500 hours  t o  temperatures  of 1000, i200, 1400, and 1600°C 
i n  gas - f i r ed  and/or  e lec t r ic  k i l n s .  F i b e r s  were t e s t e d  i n  t h e  
form of wa te r - f e l t ed  f i b e r  cakes w h i l e  b l anke t  i n s u l a t i o n s  were 
c u t  i n t o  specimens of t h e  a p p r o p r i a t e  s i z e .  Chemical s t a b i l i t y  
was determined by p e r i o d i c  v i s u a l  examination and by scanning  
e l e c t r o n  microscopy and X-Ray d i f f r a c t i o n  b e f o r e  and a f t e r  ex- 
posure.  
a t  room temperature  by t h e  l i n e  sou rce  technique .  Dimensional 
s t a b i l i t y  w a s  determined by p h y s i c a l  weighing and measuring be- 
f o r e  exposure and a f t e r  25 ,  100 and 500 cumulat ive hours  a t  t e m -  
p e r a t u r e .  

Thermal conduc t iv i ty  o f  b l a n k e t  i n s u l a t i o n s  w a s  measured 

The t ime-temperature l i m i t s  f o r  s a t i s f a c t o r y  performance of f i b e r  
cakes and b l a n k e t s  (based on changes i n  d e n s i t y  and l i n e a r  d i -  
mensions) were e s t a b l i s h e d  and are t a b u l a t e d .  In  t h i s  s tudy ,  a 
d e n s i t y  i n c r e a s e  g r e a t e r  than 30% o r  a l i n e a r  sh r inkage  g r e a t e r  
than  15% denotes  u n s a t i s f a c t o r y  performance. A l l  f e l t e d  f i b e r  
cakes and t h r e e  out  of  s ix  b lanke t s  are r a t e d  s a t i s f a c t o r y  f o r  
500 hours  a t  1000°C. 
formance a f t e r  25 hours  a t  1600°C. 

None of t h e  materials had s a t i s f a c t o r y  per -  

Dens i ty  of most b l a n k e t s  and f i b e r  cakes inc reased  s h a r p l y  between 
1400 and 1600OC as i l l u s t r a t e d  by t h e  p l o t  of 100-hour exposure 
da t a .  

Saf f i l  Alumina HT f i b e r  cakes e x h i b i t e d  unacceptab le  sh r inkage  
above 1000°C. 
fiber ba tch  and a replacement ba t ch  exh ib i t ed  good dimensional  
s t a b i l i t y  a t  14OO0C. S a f f i l  Z i r con ia  HT f i b e r  cakes puffed up a t  
1000 and 1200°C b u t  became r i g i d  a t  1400°C. The B&W M u l l i t e  cakes 
had s i g n i f i c a n t  weight  l o s s  a t  1400°C y e t  e x h i b i t e d  good dimen- 
s i o n a l  s t a b i l i t y .  The 3 Hicron M u l l i t e  f i b e r  cakes were f r a g i l e  
and tended t o  break  when handled. F i b e r f r a x  H f i b e r  cakes had 
h igh  d e n s i t i e s  due t o  shr inkage  du r ing  dry ing  and th i ckness  de- 
c r eased  f u r t h e r  du r ing  h igh  tempera ture  exposure.  I r i s h  R e f r a s i l  
cakes remained n o n c r y s t a i i i n e  a f c e r  130C"C exposure b u t  exhibited 
s t r o n g  c r y s t o b a l i t e  peaks a f t e r  100 hours  a t  1200°C. 

This  w a s  a t t r i b u t e d  t o  an imprpperly processed 

1 



U 
v) 
8 
U 

0 
2 

h s 
VI 
N 

V 

h s 
0 
0 
rl 

h s 
0 
0 m 

h c 
VI 
N 

V 

U 
v) 
8 
U 

0 z 
8 
P 
0 
U 

I 
i 

'c) 
8 

C O G O O V r  
O G O G O h l  m l n m m m  

2 



, I ,-I- I , , I ,  , , , , ,  , , I , I , ,  I I ,  I I , , I ,  I I I 

m 
3 

x 
13" 

3 



S a f f i l  Alumina HT b l a n k e t  conta ined  an o r g a n i c  b i n d e r  t h a t  re- 
s u l t e d  i n  an i n i t i a l  weight loss of 10%. Although t h e  samples 
puffed up i n  t h i c k n e s s ,  t h e  l e n g t h  and wid th  were s t a b l e  t o  1400°C. 
S a f f i l  Z i rconia  HT b l a n k e t  a l s o  conta ined  an o r g a n i c  b i n d e r  whose 
decomposition r e s u l t e d  i n  a 7% weight loss .  Samples puf fed  up a t  
1000°C b u t  became s e m i r i g i d  a t  1200°C. Kaowool 1400 b l a n k e t  shrank  
i n  t h i c k n e s s  a t  a l l  temperatures  b u t  l e n g t h ,  wid th  and weight  w e r e  
s t a b l e  t o  1200°C. Fiberchrome b l a n k e t  had good dimensional  s t a -  
b i l i t y  t o  1400°C d e s p i t e  some l o s s  of chromia. Microquartz  and 
F i b e r f r a x  H b l a n k e t s  tended t o  harden,  t w i s t  and deform a t  1000 
and 1200°C. A high temperature  h e a t  t rea tment  would s t a b i l i z e  
t h e s e  f i b e r s  and prevent  d e l e t e r i o u s  shr inkage  i n  service.  

Material 

S a f f i l  Alumina HT 

Kaowool 1400 

F i b e r  chrome 

C r y s t a l l o g r a p h i c  examination showed no changes as a r e s u l t  of 
1000°C exposures ,  b u t  a l l  materials e x h i b i t e d  g r a i n  growth a f t e r  
500 hours  a t  1400°C. C r y s t a l l i n i t y  of a l l  f i b e r s  i n c r e a s e d  w i t h  
exposure temp era t u r e  . 

Temperature L i m i t ,  
500 hour  exposure 

1200°C 

L e s s  t h a n  1000°C 

1200" c 

S a f f i l  Alumina HT and Fiberchrome b l a n k e t s  had s a t i s f a c t o r y  per- 
formance a t  1400°C f o r  500 hours  and 100 hours ,  r e s p e c t i v e l y .  
These b l a n k e t s  p l u s  Kaowool 1400 (whose u n s a t i s f a c t o r y  dimensional  
s t a b i l i t y  was due t o  shr inkage  i n  t h i c k n e s s )  were t e s t e d  t o  d e t e r -  
mine t h e  temperatures  (500 hour exposure) a t  which i n c r e a s e s  i n  
thermal  c o n d u c t i v i t y  become unacceptable .  I n  t h i s  s tudy ,  a con- 
d u c t i v i t y  increase g r e a t e r  t h a n  10% denotes  u n s a t i s f a c t o r y  per for -  
mance. 
1400°C exposure. 
a t  1000 and 120OOC can b e  c o r r e l a t e d  w i t h  i t s  i n c r e a s e d  d e n s i t y .  

A l l  b l a n k e t s  had s h a r p l y  i n c r e a s e d  c o n d u c t i v i t i e s  a f t e r  t h e  
The c o n d u c t i v i t y  increase of Kaowool 1400 exposed 
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RSI specimens were thermal ly  cycled 25 t i m e s  a t  s u r f a c e  tempera- 
t u r e s  of 1200 and 140OOC (2192 and 2552OF) and p r e s s u r e s  of 10  
and 32 t o r r  r e s p e c t i v e l y .  F l e x u r a l  p r o p e r t i e s ,  room t e n p e r a t u r e  
thermal  c o n d u c t i v i t y ,  chemical s t a b i l i t y  (scanning e l e c t r o n  
microscopy and X-Ray d i f f r a c t i o n ) ,  dimensional  s t a b i l i t y  and weight  
l o s s  were determined f o r  exposed specimens and unexposed c o n t r o l s .  
Weight and dimensions d i d  n o t  change s i g n i f i c a n t l y  as a reslilt of 
thermal/vacuum exposure and c r y s t a l l i n i t y  remained unchanged. 
Room tempera ture  f l e x u r a l  p r o p e r t i e s  and thermal  conduc t iv i ty  were 
n o t  degraded. 

Material and f a b r i c a t i o n  c o s t s  were determined f o r  930 m2 (10,000 
ft ' )  of b l a n k e t  i n s u l a t i o n  and a l i k e  amount of 2 . 5  c m  (1 i n . )  
t h i c k  alumina RSI t i l e .  Blanket material c o s t s  were about  $12,700 
f o r  Kaowool 1400 and Fiberchrome and $38,400 f o r  S a f f i l  Alumina 
HT, Material and f a b r i c a t i o n  c o s t s  were $513,130 f o r  Alumina RSI 
t i l e  o r  $21.38 p e r  i n d i v i d u a l  t i l e  20.3x20.3x2.5 c m  ( 8 x 8 ~ 1  i n . )  
i n  s i z e .  Raw material c o s t s  f o r  t h e s e  f i b e r s  and b l a n k e t s  are 
less than  $30 p e r  kg. This  p r i c e  is  cons idered  "low c o s t "  f o r  
aerospace  use .  

To select t h e  optimum f i b e r ,  b l a n k e t ,  o r  RSI material t h e  r e q u i r e -  
ments of t h e  in tended  a p p l i c a t i o n  must b e  cons idered .  The re la t ive  
importance of such f a c t o r s  as c o s t ,  d e n s i t y ,  t empera ture  r e s i s t a n c e ,  
thermal  s t a b i l i t y ,  s t r e n g t h  and e l o n g a t i o n  w i l l  determine which 
material system can provide  the  b e s t  o v e r a l l  performance. 
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INTRODUCTION 

Industry-wide development of high-temperature oxide  f i b e r s  and 
t h e i r  p rocess ing  and e v a l u a t i o n  as r e u s a b l e  s u r f a c e  i n s u l a t i o n  
( R S I )  t i l e s  has  a l l  bu t  ceased s i n c e  t h e  Lockheed s i l i c a  R S I  mater- 
i a l  (based on Johns-Manville 's  Micro-Quartz f i b e r s )  was s e l e c t e d  f o r  
S h u t t l e  o r b i t e r  e x t e r n a l  thermal  p r o t e c t i o n .  While t h e  s i l i c a  
material  o f f e r s  t h e  advantages of low d e n s i t y ,  low thermal  con- 
d u c t i v i t y ,  and low thermal expans ion ,  i t s  tempera ture  c a p a b i l i t y  
i s  l i m i t e d  by t h e  conversion of t h e  s i l i c a  f i b e r  and b i n d e r  from 
t h e  v i t r e o u s  form t o  c r y s t o b a l i t e ,  which i s  accompanied by s i g n i f -  
i c a n t  shr inkage .  
alumino s i l i c a t e ,  m u l l i t e ,  alumina, z i r c o n i a ,  and z i r c o n i a  s i l i -  
cate, are a v a i l a b l e  e i t h e r  as commercial p roduc t s  o r  as s p e c i a l t y  
l a b o r a t o r y  i t e m s ,  b u t  t h e i r  o v e r a l l  p o t e n t i a l  has  neve r  been e v a l -  
ua t ed  i n  a sys t ema t i c  manner. I n  some i n s t a n c e s  ( e . g . ,  m u l l i t e  
f i b e r s )  f i b e r  product ion  has  been d i s c o n t i n u e d ,  b u t  a q u a n t i t y  o f  
f i b e r s  is  s t i l l  a v a i l a b l e  from earlier e f f o r t s .  A program t o  
e s t a b l i s h  the  aerospace  p o t e n t i a l  of t h e s e  f i b e r  sys tems,  wh i l e  
l i m i t e d  s u p p l i e s  a r e  s t i l l  a v a i l a b l e  and t h e  t e c h n i c a l  know-how 
i s  s t i l l  c u r r e n t ,  i s  t h e r e f o r e  very  necessa ry  and t ime ly .  

Other f i b e r  t ypes  i n c l u d i n g  s i l i ca -ch romia ,  

The o b j e c t i v e  of t h i s  program w a s  t o  e s t a b l i s h  t h e  time-tempera- 
t u r e  l i m i t s  below which 0.15g/cc (9 l b / f t 3 )  r e u s a b l e  s u r f a c e  i n -  
s u l a t i o n  t i l e  and 0.13 g / c c  (8 l b / f t 3 )  f l e x i b l e  b l a n k e t  i n s u l a -  
t i o n  can wi ths tand  r epea ted  thermal c y c l e s  s i m u l a t i n g  r e e n t r y  
wi thou t  exper ienc ing  p h y s i c a l  d e t e r i o r a t i o n ,  l i n e a r  sh r inkage  
g r e a t e r  than 15%, d e n s i t y  i n c r e a s e s  g r e a t e r  t han  30%, o r  the rma l  
c o n d u c t i v i t y  i n c r e a s e s  of more than  10%. The tempera ture  range  
of i n t e r e s t  w a s  1000 t o  1600°C (1832 t o  2912OF). The t e c h n i c a l  
approach was designed t o  y i e l d  comparative d a t a  on f i b e r  c r y s t a l -  
lography,  and m a t e r i a l  d e n s i t y ,  s t r e n g t h ,  and thermal  c o n d u c t i v i t y  
of unexposed c o n t r o l s  and the rma l ly  exposed specimens.  

The t e c h n i c a l  e f f o r t  w a s  d iv ided  i n t o  two s e q u e n t i a l  t a s k s :  

Task I - Thermal Exposure and Eva lua t ion  of Water-Felted F i b e r  
Cakes and Blanket I n s u l a t i o n s ;  

Task I1 - R S I  T i l e  Manufacture, Thermal Exposure, and Eva lua t ion .  
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II. FIBER AND BLANKET MATERIALS 

S i x  oxide  f i b e r  products  and s i x  b l a n k e t  i n s u l a t i o n  systems were 
procured f o r  t h i s  program. Table  1 d e s c r i b e s  t h e  1 2  materials and 
t h e i r  s u p p l i e r s  and u n i t  c o s t s .  A d d i t i o n a l  d a t a  on t h e  materials 
systems are contained i n  vendor d a t a  ( r e f s .  1 through 6 ) .  The 
materials range from f u l l y  commerical s y s  tern (Fiber f  r a x  H ,  
Microquartz ,  Fiberchrome, Kaowoal) t o  new commercial f i b e r s  
( S a f f i l  Alumina and Zi rconia  HT) , t o  exper imenta l  f i b e r s  ( M u l l i t e ,  
I r i s h  R e f r a s i l  type SS-19-A5). 

F i b e r  d iameter  and s h o t  conten t  of t h e  s i x  f i b e r  products  were 
determined by scanning  e l e c t r o n  microscopy a t  magni f ica t ion  of 
approximately 330X and lOOOX, u s i n g  a Cambridge h igh- reso lu t ion  
SEM u n i t .  The f i b e r  s a m p l e s  were gold-plated t o  a c c e n t u a t e  t h e  
i n d i v i d u a l  f i b e r s  and sho t  p a r t i c l e s .  Representa t ive  SEM photo- 
graphs are shown i n  Figures  1 through 6. The photographs show 
an uniform f i b e r  diameter f o r  I r i s h  R e f r a s i l ,  S a f f i l  Alumina HT, 
and S a f f i l  Z i r c o n i a  HT. F i b e r f r a x  H and t h e  M u l l i t e  samples show 
a wide d i s p e r s i o n  o f  f i b e r  d iameters .  
observed i n  the I r i s h  R e f r a s i l  and S a f f i l  Alumina HT samples and 
only  a s i n g l e  i s o l a t e d  s h o t  p a r t i c l e  was n o t e d  i n  S a f f i l  Z i r c o n i a  
HT. F i b e r f r a x  H and t h e  two M u l l i t e  materials conta ined  s i g n i f i -  
c a n t  s h o t  concent ra t ions .  A summary of f i b e r  diameter  and s h o t  
c o n t e n t  d a t a  is presented  i n  Table  2 .  

No s h o t  p a r t i c l e s  were 

To f a c i l i t a t e  furnace  t e s t i n g  o f  t h e  f i b e r  p r o d u c t s ,  w a t e r - f e l t e d  
f i b e r  cakes were produced. Thermal t e s t i n g  of t h e  f i b e r  cakes 
would i n d i c a t e  t h e  s u i t a b i l i t y  o f  t h e  f i b e r s  f o r  use i n  r e u s a b l e  
s u r f a c e  i n s u l a t i o n  systems. The t a r g e t  d e n s i t y  f o r  t h e  f i b e r  
cakes w a s  0.12 g / c c  (7.5 l b / f t 3 ) ,  which would produce a 0.15 g / c c  
(9 l b / f t 3 )  S I  t i l e  af ter  a d d i t i o n  o f  a b i n d e r .  
f i b e r  bundles  were d ispersed  and cleaned by u s i n g  t h e  technique  
d e s c r i b e d  i n  NASA Tech Brief B73-10438 ( r e f .  7 ) .  F i b e r  clumps 
t h a t  were s t i l l  h e l d  t o g e t h e r  by mechanical i n t e r l o c k i n g  o r  by 
e l ec t r i ca l  charges were f u r t h e r  d i s p e r s e d  by b lending  wi th  d i s -  
t i l l e d  water i n  a Hobart mixer f o r  30 minutes.  The amount of 
w a t e r  used w a s  l O C 0  cc per 25 g of  f i b e r s .  Separan AP 30 def loc-  
c u l a t i n g  agent  ( r e f .  8) was added t o  t h e  water i n  a c o n c e n t r a t i o n  
of 0.05%. To d i s s o l v e  Separan AP 30, t h e  w a t e r  w a s  h e a t e d  t o  
n e a r  i t s  b o i l i n g  p o i n t  and Separan AP 30 was added s lowly ,  w h i l e  
t h e  water w a s  s t i r r e d  vigorously.  To f e l t  3 Micron M u l l i t e  f i b e r  
cakes, t h e  a l k a l i n i t y  of the Separan AP 30 water s o l u t i o n  w a s  
r a i s e d  t o  pii-i2 by a d d i t i o n  of N H ~ O t i .  

Before f e l t i n g ,  

F i b e r  cakes were f e l t e d  t o  a t h i c k n e s s  of approximately 2.54 cm 
(1 i n . )  i n  a r e c t a n g u l a r  15.2x6.4 c m  ( 6 ~ 2 %  i n . )  f e l t i n g  r i g  equipped 
w i t h  a c l o s e  f i t t l n g  plunger .  Excess water w a s  d r a i n e d  from t h e  
f e l t s  by vacuum a s p i r a t i o n .  A f t e r  removal from t h e  f e l t i n g  r i g ,  
t h e  f i b e r  cakes were d r i e d  a t  65°C (150'F) i n  a c i r c u l a t i n g  a i r  oven 
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Densities of  t h e  I r i s h  R e f r a s i l ,  S a f f i l  Alumina HT, S a f f i l  
Z i r c o n i a  HT, and B&W M u l l i t e  f i b e r  cakes could b e  c o n t r o l l e d  
close '  t o  t h e  d e s i r e d  d e n s i t y  o f  0.12 g/cc.  The F i b e r f r a x  H and 
3 Micron M u l l i t e  f i b e r  cakes shrank  dur ing  oven d r y i n g ,  r e s u l t -  
i n g  i n  a f i b e r  cake d e n s i t y  of approximately 0.18 g /cc  (11.2 
l b / f t 3 ) .  The ''as f e l t e d "  15.2x6.4 c m  ( 6 ~ 2 %  i n . )  f i b e r  cakes were 
used as d e n s i t y / s h r i n k a g e  specimens f o r  furnace  exposure t e s t i n g .  
The 6.4x3.2 cm (2%xl& i n . )  specimens f o r  scanning  e l e c t r o n  micro- 
scopy and X-Ray d i f f r a c t i o n  were c u t  from t h e  l a r g e r  cakes.  Blan- 
k e t  specimens were c u t  from t h e  as-received i n s u l a t i o n  b l a n k e t s .  
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Ill. EXPERIMENTAL PROCEDURES-FIBER CAKES AND BLANKETS 

A. FURNACE EXPOSURE 

F i b e r  cake and b l a n k e t  specimens were h e a t  soaked i n  a series of 
fu rnace  runs  conducted i n  the  fo l lowing  sequence: 

Exposure Temperature Exposure T ime  Furnace 

1) 1000°C (1832°F) 500 h r  Gas - f i r e d  k i  In  

2) 1200°C (2192°F) 500 h r  Gas - f i r e d  k i  In 

3) 1400°C (2552°F) 500 h r  Gas- f i r e d  k i l n  

4) 1600°C (2912°F) 200 h r  Gas-fired k i l n  

5)  1000°C (1832°F) 100 h r  E l e  c t r i  c k i  In 

6 )  1200°C (2192°F) 100 h r  E lec t r ic  k i l n  

7 )  1400°C (2552°F) 25 h r  E l e c t r i c  k i l n  

Two g a s - f i r e d  k i l n s  were used i n  t h e s e  tests: (1) a Lindberg 
propane- f i red  k i l n  of 1760°C (3200°F) peak tempera ture  and 
76x102 cm (30x40 i n . )  i n t e r i o r  f l o o r  s i z e ;  and (2) a n a t u r a l  
g a s - f i r e d  k i l n  of 1538°C (2800°F) peak tempera ture  and a 94x99 
c m  (37x39 i n . )  i n t e r i o r  f l o o r  s i z e .  The e l e c t r i c  k i l n  w a s  an 
ECS fu rnace  of 1510°C (2750°F) peak tempera ture  and a 30x46 c m  
(12x18 i n . )  i n t e r i o r  f l o o r  s i z e .  

I n d i v i d u a l  f i b e r  cakes  and b l a n k e t s  were exposed f o r  t i m e  pe r iods  
l i s t e d  i n  Table  3 .  The 3 Micron N u l l i t e  f i b e r s ,  S a f f i l  Alumina HT 
b l a n k e t ,  and S a f f i l  Z i r con ia  HT b l a n k e t  were r ece ived  a f t e r  t h e  
s t a r t  of furnace  t e s t i n g .  The 3 Micron M u l l i t e  f i b e r  cakes were 
in t roduced  i n t o  t h e  t e s t  sequence a t  25 hours  i n t o  t h e  1400°C gas- 
f i r e d  fu rnace  run .  Exposure d a t a  of 1000 and 1200°C f o r  t h i s  
m a t e r i a l  were ob ta ined  i n  the  100-hour e l e c t r i c  k i l n  r u n s .  The 
S a f f i l  Alumina HT b l a n k e t  was in t roduced  i n t o  t h e  t e s t  sequence 
a t  t h e  beginning  of t h e  1200°C gas - f i r ed  fu rnace  run .  
exposure d a t a  were o b t a i n e d  i n  the 100-hour e l z c t r i c  k i ln  TU;:. 
The S a f f i l  Z i r c o n i a  HT b l anke t  w a s  i n t roduced  i n t o  t h e  t es t  se- 
quence a t  75 hours  i n t o  the  1200°C gas - f i r ed  fu rnace  run and 
measured a f t e r  exposures of 25 and 425 hour s .  The 100-hour expo- 
s u r e  d a t a  a t  1000°C and 1200°C were ob ta ined  i n  e l e c t r i c  k i l n  
runs .  The S a f f i l  Alumina and Z i r c o n i a  HT b l a n k e t s  w e r e  l a b o r a t o r y -  
produced samples s u p p l i e d  by I C 1  United S ta tes ,  I n c .  A f t e r  

The 1000°C 
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completion of t h e  test  sequence, 10 l b  each of a product ion  l o t  
of alumina and z i r c o n i a  b l a n k e t  were d e l i v e r e d .  These materials 
were eva lua ted  and compared w i t h  t h e  ear l ie r  b l a n k e t  samples by 
t e s t i n g  f o r  25 hours  a t  1400°C i n  t h e  e l e c t r i c  k i l n .  The two 
material. l o t s  were found t o  be equ iva len t .  

I r i s h  R e f r a s i l  f i b e r  cake,  F i b e r f r a x  H b l a n k e t  and Microquartz  
b l a n k e t  were n o t  t e s t e d  beyond 100 hours  a t  1200°C s i n c e  v i s u a l  
examinat ion i n d i c a t e d  t h a t  t h e s e  m a t e r i a l s  would be u n s u i t a b l e  
f o r  more severe  exposures .  I r i s h  R e f r a s i l  s u f f e r e d  e x t e n s i v e  
l o s s  of chromia wh i l e  F i b e r f r a x  H and Microquartz  b l a n k e t s  be- 
came r i g i d  and deformed. 

SPECIMEN CONFIGURATIONS 

Three types  of  specimens were t e s t e d .  They were 15.2x6.4x2.5 c m  
( 6 ~ 2 ~ 2 x 1  i n . )  d e n s i t y f s h r i n k a g e  samples ,  6.4x3.2x2.5 c m  (2 '2xl&xl 
i n . )  SEMIXRD s a m p l e s ,  and 1 0 . 2 ~ 5 . 1 ~ 2 . 5  c m  ( 4 x 2 ~ 1  i n , )  thermal  
conduc t iv i ty  samples (b l anke t  materials o n l y ) .  Dup l i ca t e  d e n s i t y /  
shr inkage  and SEMfXRD specimens and f o u r  thermal  c o n d u c t i v i t y  
samples were t e s t e d  i n  each fu rnace  run .  

In  t h e  gas - f i r ed  fu rnace  r u n s ,  t h e  tests were i n t e r u p t e d  and 
specimens in spec ted  v i s u a l l y  a f t e r  5 ,  1 5 ,  25,  50 ,  75 ,  100, 200, 
350 and 500 hours  of exposure .  Dens i ty f sh r inkage  samples were 
weighted and measured b e f o r e  thermal  t e s t i n g  and a f t e r  25, 100 
apd 500 hours  of exposure.  Materials e x h i b i t i n g  s i g n i f i c a n t  
degrada t ion  were removed from t h e  fu rnace .  I n  t h e  e l e c t r i c  k i l n  
runs ,  samples were v i s u a l l y  i n s p e c t e d ,  weighed and measured a f t e r  
25 and 100 hours  of exposure.  

VISUAL OBSERVATIONS 

V i s u a l  obse rva t ions  of  t h e  f i b e r  cake and b l a n k e t  samples a t  
p e r i o d i c  i n t e r v a l s  du r ing  t h e  tes t  runs  a re  summarized i n  Tab les  
4 through 8 .  Photographs of  t h e  d e n s i t y f s h r i n k a g e  samples a f t e r  
exposure t o  t h e  f o u r  t e s t  tempera tures  are shown i n  F igu res  7 
through 18. 
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I v. SPECIMEN MEASUREMENTS AND MATERIAL CHARACTERIZATION 

A. WEIGHT, DIMENSIONAL AND DENSITY CHANGES 

Percen t  changes i n  s i z e ,  weight ,  and d e n s i t y  of samples  a f t e r  
furnace  exposure are l i s t e d  i n  Tables  9 through 22. P l o t s  of 
dimensional  and weight  change of f i b e r  cakes and b l a n k e t s  as a 
f u n c t i o n  of exposure t i m e  a t  v a r i o u s  tempera tures  are p resen ted  
i n  F igu res  19 through 3 4 .  S i m i l a r  p l o t s  of 100-hour weight 
and dimensional  change d a t a  as a func t ion  of exposure tempera- 
t u re  are p resen ted  i n  F igures  35 through 4 6 .  

The S a f f i l  Alumina HT f i b e r  cake e x h i b i t e d  s i g n i f i c a n t  sh r inkage  
a f t e r  25 hours  a t  1200°C and l a r g e  d i f f e r e n c e s  were ev iden t  between 
t h e  two d u p l i c a t e  samples ( s e e  Table  1 3 ) .  A t h i r d  f i b e r  cake sam- 
p l e  w a s  t h e r e f o r e  in t roduced  i n t o  t h e  1200°C fu rnace  run a f t e r  50 
hours .  Its shr inkage  w a s  midway between t h e  two o r i g i n a l  samples ,  
confirming t h a t  l a r g e  v a r i a t i o n s  i n  shr inkage  could b e  ob ta ined  
wi th  t h i s  ba t ch  of material. A sample of  t h e  alumina f i b e r  w a s  
r e tu rned  t o  IC1 f o r  t h e i r  examination. They concluded t h a t  w e  
had r ece ived  an improperly processed  ba tch  and r ep laced  i t  wi th  a 
d i f f e r e n t  l o t  of f i b e r .  F iber  cakes f e l t e d  from t h e  new f i b e r  were 
compared wi th  t h e  o l d  f i b e r  l o t  by t e s t i n g  f o r  25 hours  a t  1400°C 
i n  t h e  e l e c t r i c  k i l n .  The new f i b e r  e x h i b i t e d  s u b s t a n t i a l l y  less 
weight  l o s s  and sh r inkage  than t h e  o l d  f i b e r  l o t  ( see  T a b l e  20) .  

F i b e r f r a x  H and Microquartz b l a n k e t s  became r i g i d  and/or  deformed 
dur ing  exposure i n  t h e  gas- f i red  k i l n  a t  1000 and 1200°C; 
specimens are d i f f i c u l t  t o  measure and t h e  t a b u l a t e d  dimensional  
change d a t a  are t h e r e f o r e  n o t  p r e c i s e .  S ince  t h e  deformation i n  
t h e s e  materials can b e  a f f e c t e d  by furnace  g r a d i e n t s  and h e a t i n g  
rates, t h e  b l a n k e t  m a t e r i a l s  were r e t e s t e d  i n  t h e  e l e c t r i c  k i l n .  
Fiberchrome b l a n k e t  w a s  a l s o  r e t e s t e d  a t  1000°C and Kaowool 1400 
was r e t e s t e d  a t  1 0 0 0  and 1200°C i n  t h e  e l e c t r i c  k i l n  t o  determine 
the  r e p r o d u c i b i l i t y  of dimensional  and weight change d a t a  f o r  
m a t e r i a l s  t h a t  remain f l e x i b l e ,  f l a t ,  and square.  Dimensional 
and weight change d a t a  of samples  heated i n  t h e  gas - f i r ed  and t h e  
e l e c t r i c  k i l n s  a r e  compared i n  Table  23.  Dimensional changes as 
determined i n  t h e  two fu rnaces  d i f f e r e d  s i g n i f i c a n t l y  f o r  Fiber-  
f r a x  H and Microquartz ( m a t e r i a l s  which hardened and deformed),  
b u t  d i f f e r e d  by lesser amounts f o r  t h e  Kaowool 1400 and Fiber-  
chrome samples  t h a t  remained f l a t  and square.  

Twisted 
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Tables 24  through 27 c a t e g o r i z e  t h e  temperature-exposed f i b e r  
cakes and b l a n k e t  m a t e r i a l s  by p e r c e n t  weight  l o s s  and d imens iona l  
change i n t o  t h r e e  c a t e g o r i e s  : 

1) I n c r e a s e  o r  0 t o  2X dec rease ;  

2 )  2 t o  6/! J e c r e s s e ;  

3) Grea te r  than 6% decrease .  

T h e s e  summary c h a r t s  a r e  f o r  500 hours  of exposure .  Where s p e c i -  
mens had been exposed f o r  only 100 h o u r s ,  t h e  c l a s s i f i c a t i o n  i s  
based on an e x t r a p o l a t i o n  t o  500 hours .  Note,  however, t h a t  most 
materials had undergone a major p o r t i o n  of  t h e  measured change 
a f t e r  25 hours of exposure as i l l u s t r a t e d  by t h e  p l o t  of l e n g t h  
change a t  1200°C ( F i g .  23 ) .  

6. SCANNING ELECTRON MICROSCOPY 

Scanning e l e c t r o n  micrographs a t  l O O O X  magn i f i ca t ion  were taken  
of c o n t r o l s  and thermal ly  exposed f i b e r  cakes and b l a n k e t  mater- 
i a l s .  SEM obse rva t ions  are summarized i n  Table 28 .  Photomicro- 
graphs are shown i n  F igure  47 through 56. I n  summary, no changes 
were observed i n  f i b e r  morphology a f t e r  exposure t o  100 o r  500 
hours  a t  1000°C. The 1200°C exposure  produced g r a i n  growth and 
f i b e r  s i n t e r i n g  i n  S a f f i l  Alumina HT f i b e r  cake ( o l d  f i b e r  mater- 
i a l )  and some s l i g h t  ev idence  of  g r a i n  growth i n  S a f f i l  Alumina 
HT b l a n k e t .  Grain growth occur red  i n  a l l  f i b e r  materials a t  
14OO0C, ranging from moderate ( 3  Micron M u l l i t e ,  F i b e r f r a x  f i b e r -  
cake,  Kaowool, and S a f f i l  Alumina HT B l a n k e t ) ,  t o  s e v e r e  w i t h  
f i b e r  s i n t e r i n g  o r  embr i t t l ement  ( S a f f i l  Alumina HT f i b e r  cake ,  
S a f f i l  Z i r con ia  HT f i b e r  cake. Fiberchrome b l a n k e t ,  and S a f f i l  
Z i r con ia  HT b l a n k e t ) .  Severe g r a i n  growth w i t h  f i b e r  f u s i o n ,  
s i n t e r i n g  o r  embr i t t l ement  w a s  observed i n  a l l  materials a f t e r  
exposure a t  160OOC. 

C. X-RAY DIFFRACTION 

X-Ray d i f f r a c t i o n  of c o n t r o l s  and the rma l ly  exposed f i b e r  cakes  
and b l a n k e t  m a t e r i a l s  were ob ta ined  w i t h  a Norelco Model 12045 
u n i t .  R e s u l t s  are summarized i n  Table  29. Con t ro l  samples Were 
g e n e r a l l y  n o n c r y s t a l l i n e  o r  e x h i b i t e d  weak c r y s t a l l i n e  peaks 
( S a f f i l  Alumina HT; B&W and 3 Micron M u l l i t e ) .  Only S a f f i l  
Z i r c o n i a  HT was s t r o n g l y  c r y s t a l l i n e .  
a l l  materials excep t  I r i s h  R e f r a s i l  e x h i b i t e d  some c r y s t a l l i n i t y .  

A f t e r  exposure  a t  looo°C, 
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D. 

The F i b e r f r a x  H b l a n k e t  had moderately s t r o n g  m u l l i t e  peaks w h i l e  
t h e  S a f f i l  Z i r c o n i a  HT f i b e r  cake and b l a n k e t  remained s t r o n g l y  
c r y s t a l l i n e .  C r y s t a l l i n i t y  g e n e r a l l y  i n c r e a s e d  wi th  i n c r e a s i n g  
exposure tempera ture  above 1000°C. S i l i c a  f i b e r s  ( I r i s h  R e f r a s i l )  
conta ined  c r y s t o b a l i t e  wh i l e  s i l i c a - a l u m i n a  f i b e r s  ( F i b e r f r a x ,  
Fiberchrome, Kaowool) e x h i b i t e d  m u l l i t e  peaks and, i n  some in -  
s t a n c e s ,  c r y s t o b a l i t e  peaks .  The M u l l i t e  f i b e r  cakes and S a f f i l  
Alumina HT f i b e r  cakes  and b l a n k e t s  e x h i b i t e d  m u l l i t e  and a l p h a  
alumina peaks .  

ROOM TEMPERATURE THERMAL CONDUCTIVITY 

Room tempera ture  thermal  c o n d u c t i v i t y  w a s  measured by t h e  l i n e  
sou rce  technique  ( r e f .  9)  on three b l a n k e t  materials, S a f f i l  
Alumina HT, Kaowool, and Fiberchrome. Conduct iv i ty  w a s  measured 
on unexposed c o n t r o l s  and on samples exposed t o  1000, 1200, and 
1400°C. In  t h e  l i n e  s o u r c e  c o n d u c t i v i t y  method, a h e a t e r  w i r e  
and a thermocouple were p laced  i n s i d e  a 10.2x5.1x5.1 cm ( 2 x 2 ~ 2  
i n . )  sample. The samples were assembled from two h a l v e s ,  each  
10.2x5.1x2.5 cm ( 4 x 2 ~ 1  i n . )  i n  s i z e .  A known amount of  heat i s  
put  i n t o  t h e  sample  by pass ing  a c u r r e n t  through t h e  h e a t e r  w i r e ,  
and t h e  v a r i a t i o n  of tempera ture  w i t h  t i m e  is  measured w i t h  t h e  
thermocouple. Using t h e  temperature-time h i s t o r y ,  t h e  thermal  
c o n d u c t i v i t y  is  c a l c u l a t e d  by means o f  t h e  equa t ion :  

where : 

k = thermal  c o n d u c t i v i t y ,  

q = h e a t  i n p u t ,  

9 = t empera ture ,  

t = t i n e  a f t e r  i n i t i a t i o n  of h e a t  g e n e r a t i o n ,  

t l  = time of i n i t i a l  t empera ture  measurement (.:I), 

t 2  = t ine  of f i n a l  temperature measurement (92). 
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Thermal conduc t iv i ty  d a t a  are p resen ted  i n  Table  30. Conduc- 
t i v i t y  of S a f f i l  Alumina and Fiberchrome e i t h e r  decreased  o r  i n -  
creased less than 10% ( s a t i s f a c t o r y  performance) as a r e s u l t  of 
1000 and 1200°C exposure.  
which can be a t t r i b u t e d  t o  i t s  sh r inkage  i n  th ickr ,ess .  The low 
conduc t iv i ty  of S a f f i l  Alumina HT a f t e r  100 hours  a t  1000°C can 
b e  a t t r i b u t e d  t o  i t s  expans ion .  A f t e r  500 hours  a t  1400"C,  a l l  
t h r e e  b lanket  m a t e r i a l s  had undergone a s i g n i f i c a n t  conduc t iv i ty  
i n c r e a s e .  This  i n c r e a s e ,  a long wi th  t h e  corresponding d e n s i t y  
change i s  summarized below. The d e n s i t y  of S a f f i l  Alumina HT 
decreased  w h i l e  t h a t  of Kaowool 1400 and Fiberchrome i n c r e a s e d  
a f t e r  500 hours  a t  1400°C. Th i s  would i n d i c a t e  t h a t  t h e  conduc- 
t i v i t y  i n c r e a s e  i s  due t o  a combination of d e n s i t y  and c r y s t a l -  
l og raph ic  changes. 

Kaowool e x h i b i t e d  a 28 t o  29% i n c r e a s e ,  

Thermal Conduct iv i ty  
Material Designat ion Densi ty  Change, % - I n c r e a s e ,  % 

S a f f i l  Alumina HT -5 65 

Kaowool 1400 95 57 

Fiberchrome 38 69 
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V. INDIVIDUAL FIBER CAKE AND BLANKET PERFORMANCE SUMMARY 

Based on specimen e v a l u a t i o n s  and t h e  d imens iona l  and weight l o s s  
d a t a  genera ted  f o r  f i b e r  cake and b l a n k e t  s a m p l e s ,  performance 
of  t h e  i n s u l a t i o n  materials are summarized i n  t h e  fo l lowing  para-  
graphs.  

I r i s h  R e f r a s i l  F i b e r  Cake - Good d imens iona l  s t a b i l i t y  a t  1000°C 
wi th  l i t t l e  change beyond 25 hours .  
Moderate weight l o s s  (4 t o  6%).  Severe  c o l o r  change r e f l e c t i n g  
l o s s  of chromia, which r e t a r d s  t h e  d e v i t r i f i c a t i o n  of s i l i c a ;  
green c o l o r  (chromia) completely faded a f t e r  350 hours  a t  1000°C. 
Material w a s  n o n c r y s t a l l i n e  a f t e r  500 hours  a t  1000°C b u t  e x h i b i t e d  
a s t r o n g  c r y s t o b a l i t e  peak a f t e r  50 and 100 hours  a t  1200°C. 
C r y s t o b a l i t e  formation has been shown t o  cause dimensional 
d i s t o r t i o n  and c rack ing  i n  s i l i c a  RSI t i l e .  Consequently,  
R e f r a s i l  f i b e r  cakes were no t  t e s t e d  beyond 1200°C. 

Thickness i n c r e a s e  a t  1200°C. 

S a f f i l  Alumina HT F i b e r  Cake - Apparent f i b e r  s i n t e r i n g  wi th  l a r g e  
sh r inkage ,  y i e l d i n g  a hard  RSI-like material w i t h  a ceramic r i n g .  
Shrinkage was 4 t o  6% a t  1000°C wi th  l i t t l e  change beyond 25 h o u r s ;  
material w a s  r i g i d  and bowed a f t e r  350 hours .  
a t  120OOC; material had board- l ike  cons i s t ency  a f t e r  25 hours .  
Shrinkage w a s  g r e a t e r  than 15% a t  1400°C; s a m p l e s  were r i g i d  and 
bowed a f t e r  5 hours .  
t h e  o r d e r  of 25% and weight l o s s  w a s  about 3%. Large sample-to- 
sample v a r i a t i o n s  i n  shr inkage  a t  1200" and 1400°C. Material 
r e a d i l y  absorbed vaporized chromia from I r i s h  R e f r a s i l  and Fiber -  
chrome. Retest of a d i f f e r e n t  f i b e r  ba tch  f o r  25 hours  a t  1400°C 
y i e l d e d  much lower weight l o s s  and sh r inkage  v a l u e s ,  i n d i c a t i n g  
t h a t  t h e  poor thermal  s t a b i l i t y  of t h e  o l d  f i b e r  ba t ch  w a s  a t t r i -  
b u t a b l e  t o  improperly processed  f i b e r s .  

Con t inua l  sh r inkage  

Shrinkage a f t e r  25 hours  a t  1600°C w a s  on 

S a f f i l  Z i r c o n i a  HT F i b e r  Cake - Samples pu f fed  up i n  th i ckness  and 
e x h i b i t e d  some de laminat ions  a f t e r  i n i t i a l  exposures a t  1000°C 
and 1200°C. Changes i n  weight ,  l e n g t h ,  and width were s m a l l .  
Material w a s  s o f t  and p l i a b l e  a f t e r  500 hours a t  1000°C b u t  had 
become s e m i r i g i d  a f t e r  200 hours  a t  1200°C. 
a t  1000" and 1200°C w a s  n e a r l y  whi te .  Color changed from of f -whi te  
t o  yellow dur ing  1400°C exposure.  
h a r d  s u r f a c e s  a f t e r  25 hours a t  1400°C and boa rd - l ike  a f t e r  100 
hours .  No th i ckness  change occurred  a t  t h a t  t empera ture .  Grain 
growth a f t e r  500 hours  was e x t e n s i v e .  Material was ha rd  and 
c r u s t y  a f t e r  5 hours  a t  1600°C and sh r inkage  a f t e r  25 hours w a s  
10% i n  l e n g t h  and width and 30% i n  t h i c k n e s s .  

Color a f t e r  500 h o u r s  

Samples were s e m i r i g i d  wi th  
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B&W M u l l i t e  F ibe r  Cake - Moderate th i ckness  i n c r e a s e s  occur red  
du r ing  1000 and 1200°C runs w i t h  2 t o  3% weight  l o s s  a f t e r  500 
hours .  Thickness dec rease  w a s  6% a f t e r  100 hours  a t  1400°C w i t h  
4% weight l o s s .  Length and width changes were s l i g h t  a t  t h e s e  
tempera tures .  Samples were s o f t  and p l i a b l e  a f t e r  500 hours  a t  
1000 and 1200°C b u t  remained f l a t  and squa re .  Samples  w e r e  s e m i -  
f l e x i b l e  w i t h  rounded co rne r s  a f t e r  100 hours  a t  1400°C and f i b e r s  
appeared t o  b e  b r i t t l e .  Color remained w h i t e  a t  a l l  exposures .  
Grain growth w a s  no ted  i n  most f i b e r s  a f t e r  500 hours  a t  1400°C. 
Fibe r s  were s e v e r e l y  e m b r i t t l e d  a f t e r  exposure of 1600°C. 
i a l  w a s  s emi r ig id  a f t e r  25 hours and became i n c r e a s i n g l y  f r a g i l e  
a t  l onge r  exposures.  Shrinkage i n  t h i c k n e s s  w a s  approximately 
16% a f t e r  25 hours .  

Mater- 

3 Micron M u l l i t e  F i b e r  Cake - Material w a s  very  f r a g i l e  a f t e r  
thermal exposure and could n o t  be handled wi thou t  b reak ing .  
B&W M u l l i t e  f i b e r ,  by comparison, forms a much s t u r d i e r  f i b e r  cake. 
Dimensional and weight changes were s imi la r  t o  B&W M u l l i t e  excep t  
t h a t  t h i ckness  dec rease  w a s  c l o s e  t o  20% a f t e r  75 hour s  a t  1400°C. 
Samples s t i f f e n e d  and became s e m i f l e x i b l e  a f t e r  175 hours  a t  
1400°C and a f te r  25 hours  a t  1600°C. Color remained wh i t e .  Severe  
g r a i n  growth and f i b e r  f u s i o n  w a s  observed a f t e r  200 hours  a t  
1600°C. 

The 

F i b e r f r a x  H Fibe r  Cake - Samples e x h i b i t e d  only  s l i g h t  weight 
l o s s  a t  a l l  exposures a t  1400°C and changes i n  l e n g t h  and wid th  
were small. Thickness dec rease  w a s  of t h e  o r d e r  of 10-20% a f t e r  
100 hours a t  1000 t o  1400°C. A t  12OO0C, t h i c k n e s s  d e c r e a s e  w a s  
1 7 %  a f t e r  100 hour s  b u t  on ly  9% a f t e r  500 hour s .  
t h e i r  wh i t e  c o l o r  and were s t u r d y  and tough a f t e r  t he rma l  expos- 
u r e .  
embr i t t l ement  and some g r a i n  growth w a s  no ted  a f t e r  500 hours  a t  
1400°C. 
s e v e r e  g r a i n  growth and f i b e r  f u s i o n  had occurred .  

Samples r e t a i n e d  

No s i g n i f i c a n t  change i n  t e x t u r e  w a s  observed a l though f i b e r  

Samples c o l l a p s e d  du r ing  a 5-hour exposure  a t  1600°C and 

F i b e r f r a x  H Blanket - Samples were d i s t o r t e d  w i t h  c u r l e d  up cor- 
n e r s  and c r u s t y  s u r f a c e s  a f t e r  5 hours  a t  1000 and 1200°C and were 
s e v e r e l y  deformed and t w i s t e d  a f t e r  100 hour s .  Because of t h e s e  
deformat ions ,  q u a n t i t a t i v e  d imens iona l  changes are  l a r g e l y  mean- 
i n g l e s s  and samples were n o t  exposed a t  1400 and 1600°C. 
deformations a r e  probably s i g n i f i c a n t l y  i n f l u e n c e d  by fu rnace  hea t -  
up r a t e s .  Weight l o s s  w a s  s l i g h t  a t  1000 and 1200°C and s imilar  t o  
t h e  F i b e r f r a x  H f i b e r  cake samples.  O r i g i n a l  f i b e r s  were n o n c r y s t a l -  
l i n e  but moderately s t r o n g  m u l l i t e  peaks were observed a f te r  500 
hours a t  1000°C and a f t e r  50 hours a t  1200°C. The b l a n k e t  m a t e r i a l  
had been purchased i n  December 1972 and t h e r e f o r e  r e p r e s e n t s  an  
ear ly  l o t  of F i b e r f r a x  H p roduc t ion  b l a n k e t .  E v a l u a t i o n  of t h i s  
m a t e r i a l  by Carborundum i n d i c a t e d  t h a t  i t  m e t  s p e c i f i c a t i o n s  w i t h  
r e s p e c t  t o  f i b e r  d i a m e t e r  and f i b e r  chemis t ry  ( r e f .  1 0 ) .  

These 
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Kaowool Blanket - Samples e x h i b i t e d  only s l i g h t  weight  l o s s  a t  
a l l  test  tempera tures  t o  1400°C and changes i n  l e n g t h  and wid th  
were small. Thickness had decreased  20% a f t e r  25 hours  a t  1000°C 
and 12OO0C, b u t  no f u r t h e r  dec rease  occurred  between 25 and 500 
hours .  Thickness dec rease  a t  1400°C was 25% a f t e r  25 hours  and 
40% a f t e r  100 hours .  Specimens were f l e x i b l e  b e f o r e  exposure  and 
g radua l ly  became s e m i f l e x i b l e  a t  t h e  t es t  tempera ture .  The i r  o r i g -  
i n a l  wh i t e  c o l o r  w a s  r e t a i n e d .  Samples remained f l a t  and squa re  
a t  1000°C. Edges and c o m e r s  s t a r t e d  t o  c u r l  up a f t e r  100 hours  
a t  120OOC and a f t e r  50 hours a t  1400°C. For 1000 and 1200°C ap- 
p l i c a t i o n s ,  t h i c k n e s s  can be s t a b i l i z e d  by tempera ture  exposure 
b e f o r e  use .  
a f t e r  25 hours  a t  16OO0C, accompanied by severe g r a i n  growth and 
f i b e r  fus ion .  

Severe  sh r inkage  and sample c o l l a p s e  had occurred  

Fiberchrome Blanket  - Samples l o s t  chromia as denoted by c o l o r  
changes from gray t o  p a l e  green-gray. Weight l o s s  was 4% af te r  
25 hours  a t  tempera tures  t o  1400°C and 6% a f t e r  500 hours  a t  
1000 and 1200°C. The material w a s  ve ry  s t a b l e  d imens iona l ly  t o  
500 hours  a t  1000 and 1200"C, and t o  100 hour s  a t  1400°C. A 10% 
sh r inkage  i n  t h i c k n e s s  w a s  no ted  a f t e r  500 hours  a t  1200°C and 
a f t e r  100 hours  a t  14OOOC. Samples remained f l a t  and squa re  
a f t e r  exposures t o  1400°C. They were s o f t  and d rapab le  a f t e r  
500 hours  a t  1000°C b u t  became s e m i r i g i d  a t  1200 and 1400°C. 
t e n s i v e  g r a i n  growth w i t h  f i b e r  f u s i o n  was n o t e d  a f t e r  500 hours  
a t  1400°C and f i b e r s  were s t r o n g l y  c r y s t a l l i n e  wi th  pronounced 
c r y s t o b a l i t e  and m u l l i t e  peaks. 
s e v e r e  sh r inkage  and sample c o l l a p s e  a f t e r  25 hours ,  accompanied 
by f i b e r  fus ion .  

S a f f i l  Alumina HT Blanket - Blanket c o n t a i n s  an o r g a n i c  b i n d e r  
t h a t  o x i d i z e s  du r ing  i n i t i a l  t empera ture  exposure ,  y i e l d i n g  a 
weight loss of 8 t o  10%. Blanket i s  made up of  two d i s t i n c t  
l a y e r s  and puf fed  up i n  th i ckness  du r ing  thermal  exposure.  
Thickness i n c r e a s e  w a s  50% a t  1000 and 12OO"C, and 20% a t  1400°C. 
Length and wid th  remained unchanged a t  1000°C and decreased  4 t o  
6% a f t e r  500 hour s  a t  1200°C and 2 t o  4% a f t e r  500 hours  a t  1400°C. 
Blanket remained s o f t  and f l e x i b l e  a f t e r  exposures t o  1400°C. 
Samples took on a pink c o l o r  du r ing  exposure due t o  chromia con- 
tamina t ion  from Fiberchrome. M a t e r i a l  e x h i b i t e d  s t r o n g  a lpha  
alumina peaks a f t e r  500 hours a t  1400°C. Samples  developed a 
semihard c r u s t  a f t e r  5 hours a t  1600°C and were r i g i d  wi th  c u r l e d  
up co rne r s  a f t e r  100 hours .  Shr inkage  a f t e r  25 hours  a t  1600°C w a s  
5% i n  l e n g t h ,  12% i n  w i d t h ,  and 22% i n  thickr:ess. Sev2re f i b e r  
s i n t e r i n g  and g r a i n  growth was observed. 

Ex- 

Exposure a t  1600°C r e s u l t e d  i n  

rn 
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S a f f i l  Z i r c o c i a  HT Blanket  - Blanket  c o n t a i n s  a n  organic  b i n d e r  
t h a t  o x i d i z e s  dur ing  i n i t i a l  temperature  exposure,  y i e l d i n g  a 
weight loss  of  6 t o  8%. Blanket is  made up of two d i s t i n c t  l a y e r s .  
I t  remained s o f t  a n d  f l e x i b l e  dur ing  1000°C exposure; t h i c k n e s s  
puffed up 50% and l e n g t h  and width decreased  0 t o  2%. The mater- 
i a l  became s e m i f l e x i b l e  a t  1200°C and edges began t o  c u r l  up a f t e r  
100 hours .  There was no th ickness  change a f t e r  25 hours  and a 26% 
th ickness  decrease  a f t e r  425 hours .  A t  1400"C, t h e  m a t e r i a l  be- 
came s e m i r i g i d ;  edges began t o  c u r l  up a f t e r  5 h o u r s ,  and a h a r d  
c r u s t y  s u r f a c e  w a s  noted a f t e r  2 5  hours .  Shrinkage a t  1400°C w a s  
s e v e r e .  Thickness had decreased 50% and l e n g t h  and wid th  12 t o  
14Z a f t e r  100 hours.  Shrinkage i n  l e n g t h  and width w a s  202 a f t e r  
500 hours.  Samples were hard  and c r u s t y  a f t e r  S hours  a t  1600°C. 
Sample c o l l a p s e ,  accompanied by severe g r a i n  growth and f i b e r  
s i n t e r i n g  occurred a f t e r  25 hours  a t  1600°C. 

: . l icroquartz Blanket - M a t e r i a l  hardened and s u r f a c e  became c r u s t y  
dur ing  1000 and 1200°C exposures .  Specimens were bowed and had 
uneven s u r f a c e s .  Large shr inkage  occurred ,  e s p e c i a l l y  i n  th ick-  
n e s s .  Shrinkage w a s  more s e v e r e  i n  t h e  gas  k i l n  than i n  t h e  e l e c -  
t r i c  k i l n  samples.  Because of u n s a t i s f a c t o r y  dimensional  s t a b i l -  
i t y ,  samples were n o t  t e s t e d  a t  1400 and 1600°C. According t o  
Johns-Nanville , t h e  observed shr inkage  i s  n a t u r a l  f o r  Microquartz  
b l a n k e t  because of  t h e  h igh  p u r i t y  and p o r o s i t y  of t h e  f i b e r s .  
Shrinkage i n c r e a s e s  w i t h  decreas ing  impur i ty  l e v e l  w h i l e  t h e  
tendency t o  d e v i t r i f y  d e c r e a s e s .  A h igh  temperature  h e a t  t reat-  
ment of t h e  f i b e r s  would e l i m i n a t e  t h e  observed shr inkage  and 
weight l o s s  ( r e f .  1 1 ) .  

Based on t h e  s a t i s f a c t o r y  performance c r i t e r i a  of l i n e a r  shr inkage  
( l e s s  than IS%) ,  d e n s i t y  i n c r e a s e  ( l e s s  t h a n  30%), and room t e m -  
p e r a t u r e  thermal c o n d u c t i v i t y  (less than  10% i n c r e a s e  f o r  b lan-  
k e t s ) ,  t h e  fol lowing materials were r a t e d  s a t i s f a c t o r y  f o r  500 
hours exposure a t  1000, 1200 and 1400°C. None of t h e  materials 
could b e  r a t e d  s a t i s f a c t o r y  a f t e r  25 hours  a t  1600°C. The e f f e c t s  
of c r y s t a l l o g r a p h i c  changes must b e  i n v e s t i g a t e d  i n  more d e t a i l  
b e f o r e  performance c r i t e r i a  can b e  e s t a b l i s h e d .  
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500 h r  a t  1000°C 500 h r  a t  12OOOc 500 h r  a t  1400°C 

F i b e r  Cakes 

I r i s h  R e f r a s i l  

S a f f i l  Alumina HT 
(new f i b e r  l o t )  

S a f f i l  Z i rconia  HT 

B&W M u l l i t e  

3 Micron M u l l i t e  

F i b e r f r a x  H 

Blankets  

F i b e r  chrome 

I r i s h  R e f r a s i l  S a f f i l  Alumina HT 

S a f f i l  Aluminia HT 
(new f i b e r  l o t )  B&W M u l l i t e  

B &W l.lu 11 i t e 

3 Micron M u l l i t e  

(new f i b e r  l o t )  

Fiberchrome 

S a f f i l  Alumina HT S a f f i l  Alumina HT 

S a f f i l  Z i r c o n i a  HT 

I t  i s  e v i d e n t  t h a t  more f i b e r  cakes than b l a n k e t s  m e t  t h e  s h r i n k -  
age and d e n s i t y  change c r i t e r i a  a f t e r  e l e v a t e d  tempera ture  ex- 
posure i n  t h e  1000 t o  1400°C range.  The S a f f i l  Alumina HT b l a n k e t  
had s a t i s f a c t o r y  performance f o r  shr inkage  and d e n s i t y  change, b u t  
f a i l e d  t o  m e e t  t h e  thermal  c o n d u c t i v i t y  c r i t e r i o n  a f t e r  500 hours  
a t  1400°C. 
caused by t h e  p r e f e r r e d  o r i e n t a t i o n  of t h e  f i b e r s  and by t h e  burn- 
o f f  and chemical reac t iv i ty  of o r g a n i c  b i n d e r s  and o t h e r  process ing  
a i d s  used i n  t h e  f a b r i c a t i o n  of b l a n k e t  i n s u l a t i o n .  

Dimensional i n s t a b i l i t y  i n  b l a n k e t s  were probably 
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VI. EXPERIMENTAL PROCEDURES AND TESTING-RSI 

The t h r e e  f i b e r  materials chosen f o r  Task I1 R S I  (Reusable Sur- 
f a c e  I n s u l a t i o n )  f a b r i c a t i o n  were S a f f i l  Alumina HT, S a f f i l  
Z i rconia  HT, and B&W Flu l l i t e .  

B&W X u l l i t e  was s e l e c t e d  because of i t s  h igh  dimensional  s t a b i l -  
i t y  t o  1400°C and i t s  adequate  performance f o r  s h o r t  t i m e  (5 
hours )  a t  1600OC. I n  a d d i t i o n ,  m u l l i t e  provides  a s u i t a b l e  
comparison s t anda rd  f o r  o t h e r  f i b e r s  s i n c e  m u l l i t e  systems had 
been ex tens ive ly  i n v e s t i g a t e d  under Con t rac t  NAS1-10533 (Refs.  
1 2  and 13 ) .  

The S a f f i l  Alumina HT and Z i rcon ia  HT f i b e r s  w e r e  s e l e c t e d  f o r  
t h e  fo l lowing  r easons :  

The f i b e r  s y s t e m s  are  new and have no t  been p rev ious ly  in-  
ves  t i g a  t e d  ; 

The f i b e r s  are low cost--$20.95 t o  25.35/kg ($9.50 t o  11.50/ 
l b )  ; 

The f i b e r s  are of uniform diameter  and f r e e  of s h o t  c o n t e n t ;  

Z i r con ia  exh ib i t ed  no g r a i n  growth and only  s l i g h t  i n c r e a s e  
i n  c r y s t a l l i n i t y  a f t e r  500 horus a t  1200°C; 

Zi rconia  exh ib i t ed  a low weight l o s s  and good dimensional  
s t a b i l i t y  a f t e r  100 hours  a t  1400°C; 

Alumina (new f i b e r  l o t )  e x h i b i t e d  a low weight  l o s s  and good 
dimensional  s t a b i l i t y  a f t e r  25 hours  a t  14OO0C; 

Alumina f i b e r s  (b lanket  m a t e r i a l )  e x h i b i t e d  only  s l i g h t  evi- 
dence of g r a i n  growth and some i n c r e a s e  i n  c r y s t a l l i n i t y  a f t e r  
500 hours a t  1200°C; 

F ibercakes  of 0.11 t o  0.12 g / cc  (6.9 t o  7.5 l b / f t 3 )  d e n s i t y  
could b e  r e a d i l y  produced. 

process ing  s t u d i e s  w e r e  conducted w i t h  t h e  fo l lowing  b inde r  
s y s t e m s ,  us ing  b inde r  s o l i d s - t o - f i b e r  r a t i o s  of 1:5,  l : l O ,  and 
1 :20:  
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I C o l l o i d a l  S i l i ca  

C o l l o i d a l  Alumina 

E thy l  S i l i ca t e  

Aluminum Phosphate  

C o l l o i d a l  S i l i ca  & Alumina 

C o l l o i d a l  Alumina & Ethy l  
S i l i ca t e  

Nalco E-136, Nalco Chemical 
Company 
Ludox AS, E ,  I. DuPont DeNemours 
and Company 

Alon, Cabot Corpora t ion  

S i lbond H-4, S t a u f f e r  Chemical 
Company 

Winnofos, I C 1  Mond Div i s ion  

(28.1% Si02;  71.9% AL203) 

(28.1% Si02;  71.9% AL203) 

Three techniques  f o r  i nco rpora t ing  b i n d e r s  i n t o  t h e  f i b e r  cakes  
were u t i l i z e d  : 

The f i b e r  cakes were water  f e l t e d  w i t h  Separan AP-30 de f loc -  
c u l a t i n g  agen t ,  oven d r i e d ,  and reimpregnated w i t h  t h e  b i n d e r  
s o l u t i o n .  To r e t a i n  t h e  b i n d e r ,  t h e  s o l u t i o n  w a s  e i t h e r  g e l l e d  
in situ by pH adjustment  o r  a c a t i o n i c  s t a r c h  (CATO-75, 
Na t iona l  S t a r c h  and Chemical Corpora t ion)  w a s  added t o  pro- 
mote b i n d e r  a d s o r p t i o n  on t h e  f i b e r  s u r f a c e .  

Binder and c a t i o n i c  s t a r c h  were added d i r e c t l y  t o  t h e  f e l t -  
ifig water. 

R S I  t i l es  con ta in ing  Ai203 and S i 0 2  b i n d e r s  i n  combination 
w e r e  a l s o  prepared by adding Alon and c a t i o n i c  s t a r c h  t o  
t h e  f e l t i n g  water. Following oven d ry ing ,  t h e  f i b e r  cakes 
w e r e  reimpregnated w i t h  c o l l o i d a l  s i l i ca  o r  Si lbond H-4 
e t h y l  s i l i ca t e .  

Impregnat ion wi th  e t h y l  s i l i ca te  ( 1 : s  Si02 b inde r - to - f ibe r  r a t i o )  
was accomplished by prepar ing  an  a l c o h o l  s o l u t i o n  of 14.2 p a r t s  
by volume Si lbond H-4 and 7 1 . 1  p a r t s  by volume i sop ropy l  a l coho l .  
Addi t ion  of 13.9 p a r t s  by volume d i s t i l l e d  water and 0.8 p a r t s  b y  
volume concent ra ted  M140H caused g e l l i n g  t o  occur w i t h i n  2-1/2 
minutes  . 
To impregnate  wi th  c o l l o i d a l  s i l i c a ,  Nalco E-136 o r  Ludox AS w a s  
d i l u t e d  wi th  distilled water t o  nb ta tn  t h e  d e s i r e d  b inde r  ( S i 0 2  
s o l i d s ) - t o - f i b e r  r a t i o .  The volume of b inde r  s o l u t i o n  used f o r  
impregnat ion w a s  always equal  t o  t h e  nominal volume of t h e  f i b e r  
cake.  Ludox AS w a s  g e l l e d  by HCR a d d i t i o n  t o  a d j u s t  t h e  water 
s o l u t i o n  t o  pH 5.5. Co l lo ida l  alumina (Alon) w a s  g e l l e d  by 
NH4OH a d d i t i o n  t o  a d j u s t  t h e  water s o l u t i o n  t o  pH 9.1. Combina- 
t i o n s  of c o l l o i d a l  alumina and s i l i c a  conta ined  28.1% by weight  
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S i 0 2  s o l i d s  and 71.9% by weight  AR203 s o l i d s .  
i c a l  equiva len t  of m u l l i t e ,  3 Ak203 x 2 S i O 2 .  

This  i s  t h e  chem- 

To f a c i l i t a t e  b inde r  s o l i d s  r e t e n t i o n  through t h e  u s e  of c a t i o n i c  
s t a r c h ,  a 3% s o l u t i o n  of s t a r c h  i n  water w a s  f i r s t  p repared .  The 
proper  amount of b inde r  w a s  then added t o  t h e  s t a r c h  s o l u t i o n  and 
e i t h e r  used d i r e c t l y  as t h e  f e l t i n g  l i q u i d  (Winnofos aluminum 
phosphate impregnat ion)  o r  as t h e  secondary impregnant f o r  f i b e r  
cakes (Nalco E-136 c o l l o i d a l  s i l i c a  impregnat ion) .  

A l l  R S I  f e l t s  were f i r e d  f o r  30 minutes a t  1371°C (2500°F). The 
amount of b inde r  r e t a i n e d  i n  t h e  f i r e d  RSI t i l es  w a s  less than  
t h e  amount i n d i c a t e d  by t h e  b inder - to- f iber  r a t i o  s i n c e  some 
b inde r  s o l i d s  were l o s t  w i th  t h e  f e l t i n g  o r  impregnat ion l i q u i d .  

T w e l v e  RSI  materials involv ing  combinations of t h e  t h r e e  f i b e r  
sys tems,  s i x  b i n d e r s ,  and t h r e e  binder-to-f i b e r  r a t i o s  were 
prepared as 12.7 c m  d i a  1 .9  cm (5 i n .  d i a .  3 /4  i n . )  t i l e  and 
screened by furnace  exposure f o r  22 hours  a t  1200°C (2192°F) 
p l u s  5 hours a t  1400°C (2552°F). Resu l t an t  weight and dimen- 
s i o n a l  changes were measured and f l e x u r a l  p r o p e r t i e s  of exposed 
specimens and unexposed c o n t r o l s  were determined. Based on t h e s e  
e v a l u a t i o n s ,  Si lbond H-4 a t  a b inder - to- f iber  r a t i o  of 1:5 w a s  
s e l e c t e d  as t h e  impregnant f o r  a d d i t i o n a l  t i l e  c h a r a c t e r i z a t i o n s .  
S p e c i f i c a l l y ,  Si lbond H-4 w a s  chosen f o r  t h e  fo l lowing  reasons :  

1 )  Silbond-impregnated t i l e  samples e x h i b i t e d  e x c e l l e n t  dimen- 
s i o n a l  and weight s t a b i l i t y  a f t e r  1200°C and 1400°C expos- 
u r e s ;  

2) F l e x u r a l  s t r e n g t h s  were h igh  and d i d  n o t  d e c r e a s e  s i g n i f i -  
c a n t l y  as a r e s u l t  of h igh  tempera ture  exposures;  

3) Elongat ions were as h igh  o r  h i g h e r  t han  f o r  o t h e r  impregnants ;  

4) Impregnation and g e l l a t i o n  of Si lbond allowed b inde r  pickup 
t o  be c o n t r o l l e d  wi th  a good degree  of p r e c i s i o n ;  

5) Impregnation appeared t o  b e  uniform through t h e  t h i c k n e s s  of 
t i l e  samples .  

Twenty percent  by weight b inde r  s o l i d s  w a s  s e l e c t e d  s i n c e  i t  
y i e l d e d  a s t u r d i e r  t i l e  than  lower b inde r  c o n t e n t s .  G e l l a t i o n  
and b inder  pickup of Nalco E-136 and Ludox AS w a s  more d i f f i c u l t  
t o  c o n t r o l  than f o r  Si lbond H-4. 
s a t i s f a c t o r y  r e s u l t s  ob ta ined  wi th  t h e s e  systems.  
of c o l l o i d a l  alumina and s i l i c a  y i e lded  i n c o n s i s t e n t  r e s u l t s .  

This  may account  f o r  t h e  less 
Combinations 
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However, on ly  one a lumina - to - s i l i ca  r a t i o  w a s  t r i e d  and i t  i s  
p o s s i b l e  t h a t  a mixed b inder  w i t h  a lower a lumina - to - s i l i ca  
r a t i o  would y i e l d  a h igh  s t r e n g t h  system t h a t  is  more r e f r a c t o r y  
t h a n  s i l i c a  b inde r s .  

Ten t i l e  p i e c e s  i n  s i z e s  of 12.7 c m  d i a  x 3.2 c m  ( 5  i n .  diam x 
1-1/4 i n . ) ,  15.2x6.4x2.5 cm ( 6 x 2 - 1 / 2 ~ 1  i n . ) ,  and 15.2x6.4x3.8 c m  
(6x2-1/2x1-1/2 i n . )  were prepared from each of t h e  t h r e e  f i b e r s .  
D e n s i t i e s  averaged 0.150 g /cc  (9.4 l b / f t 3 )  f o r  alumina t i l e s ,  
0.177 g / cc  (11.0 l b / f t 3 )  f o r  z i r c o n i a  t i l e ,  and 0.156 g / c c  (9.7 
l b / f t 3 )  f o r  m u l l i t e  t i le.  The h i g h e r  d e n s i t y  of t h e  Z i r c o n i a  
RSI i s  caused by a r educ t ion  i n  f i b e r  cake  t h i c k n e s s  d u r i n g  dry- 
i n g  a f t e r  f e l t i n g  and impregnation. Binder pickup averaged 14.6% 
of f i b e r  weight f o r  alumina, 12.9% f o r  z i r c o n i a ,  and 14.5% f o r  
m u l l i t e .  L inea r  f i r i n g  shr inkage  f o r  a l l  t i l e  materials and con- 
f i g u r a t i o n s  w a s  less than 2-1/2%. 

The 15.2x6.4x2.5 cm t i les were used as d e n s i t y / s h r i n k a g e  samples 
a f t e r  l i g h t  sanding  t o  remove s u r f a c e  i r r e g u l a r i t i e s .  F l e x u r a l  
specimens, 1 5 . 2 ~ 1 . 9 ~ 1 . 3  c m  ( 6 x 3 / 4 ~ 1 / 2  in.)  i n  s i z e  and SPI IXRD 
specimens,  5.1x1.9x1.3 c m  ( 2 x 3 / 4 ~ 1 / 2  in . )  i n  s i z e  w e r e  c u t  from 
t h e  1 5 . 2 ~ 6 . 4 ~ 3 . 8  c m  t i l e  wi th  a diamond-plated wheel. Thermal 
c o n d u c t i v i t y  specimens, 10.2x5.1x2.5 c m  ( 4 x 2 ~ 1  in . )  . in s i z e  w i t h  
chamfered c o r n e r s ,  w e r e  c u t  from t h e  12.7 cm d i a  x 3.2 cm t i l e .  
Dens i ty / sh r inkage  samples  were weighed and measured. 
samples f o r  f l e x u r a l ,  thermal  c o n d u c t i v i t y ,  and SEM/XRD measure- 
ments w e r e  set a s i d e .  The remaining s a n p l e s  were d iv ided  i n t o  
two groups f o r  exposure t o  25 thermal/vacuum c y c l e s  a t  1200°C 
and a t  1400°C. 

Con t ro l  

For thermal  c y c l i n g ,  a l l  specimens were p laced  on f i b r o u s  i n s u l a -  
t i o n  s o  t h a t  t h e i r  upper s u r f a c e s  were a t  t h e  same l e v e l .  Two 
30.5x30.5 c m  (12x12 i n . )  water-cooled q u a r t z  lamp r e f l e c t o r s  
were used f o r  h e a t i n g .  The q u a r t z  lamp a r r a y  and specimens were 
p laced  i n  a Tenney Vacuum Chamber (Model 4D5) wi th  i n s i d e  dimen- 
s i o n s  of 122 c m  d i a  x 152 c m  (48 i n .  d i a  x 60 i n . ) .  A thermal  
c y c l e  c o n s i s t e d  of a 600-sec h e a t i n g  p e r i o d ,  a 400-sec hold  a t  
peak tempera ture ,  and a cooldown pe r iod .  T i l e  samples i n s t r u -  
mented wi th  Pt-6% Rh vs  Pt-30% Rh s u r f a c e  thermocouples were 
used t o  monitor and c o n t r o l  t i l e  s u r f a c e  tempera tures .  A 
t y p i c a l  1200°C h e a t  c y c l e  is shown i n  F i g .  57. P r e s s u r e  du r ing  
t h e  400-sec hold  a t  1200°C was approximate ly  10 t o r r  o r  29.3 km 
(96,000 f t )  equ iva len t  a l t i t u d e .  Arcing from t h e  q u a r t z  lamp 
electr ical  connec t ions  t o  t h e  specimen s u r f a c e s  occurred  a t  low 
p r e s s u r e  d u r i n g  t h e  i n i t i a l  1400°C runs .  
p r e s s u r e  w a s  i nc reased  t o  approximate ly  32 t o r r  o r  21.6 km 
(71,000 f t )  equ iva len t  a l t i t u d e .  The 1200°C samples r e t a i n e d  
t h e i r  o r i g i n a l  c o l o r ,  bu t  t h e  a r c i n g  caused some s u r f a c e  d i s -  
c o l o r a t i o n  i n  t h e  1400°C samples .  

To prevent  a r c i n g ,  
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A. WEIGHT, DIMENSIONAL AND DENSITY CHANGES 

IJeight l o s s ,  dimensional  changes,  and d e n s i t y  changes r e s u l t i n g  
f rom t h e  25 r a d i a n t  h e a t  c y c l e s  a t  1200 and 1400°C were minimal 
a s  shown i n  Table  31. Average weight l o s s  w a s  less than 0.5%, 
average dimensional change w a s  less than 3.5%, and average d e n s i t y  
change was less than 37:. No bowing o r  o t h e r  deformation was noted  
i n  t h e  exposed samples.  

B. SCANNING ELECTRON MICROSCOPY 

No changes i n  f i b e r  morphology due t o  r a d i a n t  h e a t i n g  a t  1200 
and 1400°C were d e t e c t e d  by comparing e l e c t r o n  micrographs o f  
exposed samples and unexposed c o n t r o l s .  Micrographs a t  300X 
m a p i f i c a t i o n  ( c o n t r o l s  and 1400°C exposure) are shown i n  F i g u r e s  
58, 59 ,  and 60. 

C. X-RAY DI F FRACTl ON 

RSI samples exposed t o  25 thermal/vacuum c y c l e s  and unexposed 
c o n t r o l s  were s u b j e c t e d  t o  X-Ray d i f f r a c t i o n  a n a l y s e s .  The 
S a f f i l  Alumina c o n t r o l s  e x h i b i t e d  moderate c r y s t a l l i n i t y ,  com- 
p r i s i n g  a mixture  of a l p h a  alumina (corundum), a l p h a  c r i s t n b a l i t e  
( S i O Z ) ,  and traces of m u l l i t e .  Samples exposed to s u r f a c e  tern- 
p e r a t u r e s  of 1200" and 1400°C e x h i b i t e d  t h e  same peaks and no 
i n c r e a s e  i n  peak i n t e n s i t y  due t o  thermal  exposure  w a s  no ted .  

The S a f f i l  Z i r c o n i a  c o n t r o l s  were s t r o n g l y  c r y s t a l l i n e .  
c r y s t a l  form was t e t r a g o n a l  Zr02, and a trace of a l p h a  c r i s t o b a l i t e  
(Si021 was observed. 
change with thermal/vacuum exposure.  

The 

C r y s t a l  s t r u c t u r e  and peak i n t e n s i t y  d i d  n o t  

The BW m u l l i t e  c o n t r o l s  e x h i b i t e d  moderate c r y s t a l l i n i t y ,  com- 
p r i s i n g  m u l l i t e  peaks.  
b a l i t e .  
1400°C e x h i b i t e d  t h e  same peaks and similar peak i n t e n s i t i e s  as 
c o n t r o l  samples. 

There w a s  no ev idence  of a l p h a  c r i s t o -  
Samples exposed t o  s u r f a c e  tempera tures  of 1200°C and 
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D. FLEXURAL PROPERTIES 

E. 

F. 

Room tempera ture  flexural s t r e n g t h s ,  moduli  of e l a s t i c i t y ,  and 
s t r a i n s  a t  f a i l u r e  of RSI specimens are l i s t e d  i n  Table  32. 
L i s t e d  v a l u e s  are t h e  average of t h r e e  tests. Specimens were 
t e s t e d  i n  four -poin t  bending as beams of 13.35 c m  (5.25 i n . )  
span and 4.45 cm (1.75 i n . )  between l o a d  p o i n t s .  Load and sup- 
p o r t  p o i n t s  were 0.64 c m  (1/4 i n . )  r a d i i .  F l e x u r a l  p r o p e r t i e s  
were n o t  degraded by t h e  25 thermal/vacuum c y c l e s ;  f o r  S a f f i l  
Z i r c o n i a  RSI, f l e x u r a l  p r o p e r t i e s  a c t u a l l y  appear  t o  improve w i t h  
exposure temperature .  F l e x u r a l  s t r e n g t h s  f o r  Alumina and Z i r c o n i a  
RSI averaged approximately 500 x l o 3  N/m2 (72 p s i )  and t h i s  i s  
a n  a c c e p t a b l e  v a l u e  f o r  a 0.16 g/cc (10 l b / f t 3 )  d e n s i t y  material. 
In  c o n t r a s t ,  t h e  M u l l i t e  RSI  s t r e n g t h  of 215 x l o 3  N/m2 (31 p s i )  
w a s  less t h a n  h a l f  t h a t  of alumina and z i r c o n i a ,  its modulus of 
e l a s t i c i t y  w a s  on ly  1 / 5  t h a t  of alumina and z i r c o n i a ,  b u t  i t s  
s t r a in  a t  f a i l u r e  w a s  twice t h a t  of  t h e  alumina and z i r c o n i a  
specimens.  

ROOM TEMPERATURE THERMAL CONDUCTIVITY 

Room temperature  thermal  c o n d u c t i v i t y  of  R S I  specimens w a s  meas- 
u r e d  by t h e  l i n e  source  technique as d e s c r i b e d  i n  Chapter I V .  
R e s u l t s  are sumTarized i n  Table 3 3 .  The type  of  f i b e r  had a 
s i g n i f i c a n t  i n f l u e n c e  on conduct iv i ty  wi th  Alumina R S I  e x h i b i t -  
i n g  t h e  h i g h e s t  c o n d u c t i v i t y  of 0.170 W/m-"K (1 .18  Btu- in . /hr - f t2-  
O F )  and Z i r c o n i a  RSI  e x h i b i t i n g  t h e  lowest c o n d u c t i v i t y  of 0.052 
W/m-"K (0.36 Btu-in./hr-ft2-OF).  r l u l l i t e  RSI  had a room temper- 
a t u r e  c o n d u c t i v i t y  of 0.069 W/m-"K (0 .48 Btu-in./hr-ft2-"F) f o r  
t h e  unexposed c o n t r o l s .  The thermal  c o n d u c t i v i t y  of Z i r c o n i a  
RSI d i d  n o t  change as a r e s u l t  of thermal/vacuum c y c l i n g  w h i l e  
t h e  c o n d u c t i v i t y  of Alumina and M u l l i t e  R S I  decreased between 
13 and 20% as a r e s u l t  of t h e  c y c l i c  exposures .  

INDIVIDUAL RSI PERFORMANCE SUMMARY 

Based on thermal/vacuum exposures f o r  25 c y c l e s  t o  s u r f a c e  t e m -  
p e r a t u r e s  of 1200°C and 1400"C, and on subsequenc e v a i u a i i o n s ,  
t h e  performance of t h e  i n d i v i d u a l  RSI  materials i s  summarized i n  
t h e  fo l lowing  paragraphs .  

SzfyiZ Alwm'na H:' .?SI - Impregnation wi th  e t h y l  s i l i c a t e  w a s  
r e a d i l y  c o n t r o l l e d ,  y i e l d i n g  R S I  t i l e  of 0 .15  g / c c  (9.3 l b / f t ' )  
d e n s i t y .  No s i g n i f i c a n t  specimen deformation,  weight l o s s ,  
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dimensional  sh r inkage ,  o r  change i n  f i b e r  morphology r e s u l t e d  
from the  thermal/vacuum exposures .  
unaf fec ted  wh i l e  room temperature  thermal  conduc t iv i ty  decreased  
approximately 19% as a r e s u l t  of t h e  25 exposure c y c l e s  t o  1200°C 
and t o  1400°C. 

F l e x u r a l  p r o p e r t i e s  were 

, ,  .p 7 .  J .  i - _I - 2  ST 1 ? 2  - Zi rcon ia  f i b e r  cakes tended t o  s h r i n k  i n  
th ickness  du r ing  oven dry ing  a f t e r  f e l t i n g  and a f t e r  e t h y l  s i l i -  
c a t e  impregnat ion,  r e s u l t i n g  i n  R S I  t i l e  of 0.18 g l c c  (11 l b l f t ’ )  
d e n s i t y .  Binder  pickup of 12.9% based on f i b e r  weight w a s  less  
than f o r  Alumina o r  M u l l i t e  R S I ,  p o s s i b l e  because t h e  h i g h e r  
d e n s i t y  of z i r c o n i a  f i b e r s  r e s u l t e d  i n  a lower f i b e r  volume i n  
t h e  z i r c o n i a  f i b e r  cake f o r  equ iva len t  f i b e r  cake d e n s i t y .  No 
s i g n i f i c a n t  specimen deformation,  weight  l o s s ,  dimensional  sh r ink -  
age ,  o r  change i n  f i b e r  morphology r e s u l t e d  from t h e  thermal /  
vacuum exposures .  F l e x u r a l  p r o p e r t i e s  tended t o  i n c r e a s e  as a 
r e s u l t  of 25 thermal  exposure c y c l e s  wh i l e  room tempera ture  thermal  
conduc t iv i ty  w a s  una f fec t ed .  

i332 :&17<re .WJ - Impregnation wi th  e t h y l  s i l i c a t e  was r e a d i l y  
c o n t r o l l e d ,  v i e l d i n g  R S I  t i l e  of 0.16 g / c c  (9.7 l b / f t 3 )  d e n s i t y .  
F l e x u r a l  s t r e n g t h  was only 402 of t h e  comparat ive s t r e n g t h  of 
Alumina R S I ,  modulus of e l a s t i c i t y  was approximately 114 t h a t  of 
Alumina R S I ,  wh i l e  s t r a i n  a t  f a i l u r e  w a s  twice t h a t  of Alumina R S I .  
Room temperature  thermal conduc t iv i ty  w a s  33% h i g h e r  than t h a t  of  
Z i r con ia  R S I .  No s i g n i f i c a n t  specimen deformat ion ,  weight l o s s ,  
dimensional  sh r inkage ,  o r  change i n  f i b e r  morphology r e s u l t e d  
from the  thermai/vacuum exposures .  F l e x u r a l  p r o p e r t i e s  were un- 
a f f e c t e d  wh i l e  room tempera ture  thermal  c o n d u c t i v i t y  decreased  
approximately 15% as a r e s u l t  of 25 exposure c y c l e s  t o  1200°C and 
t o  1400°C. 



VIII. FABRICATION COST ANALYSIS 

Material and f a b r i c a t i o n  c o s t s  f o r  930 m2 (10,000 f t 2 )  of b l a n k e t  
materials and of R S I  t i l e  were genera ted .  Blanket  i n s u l a t i o n  c o s t s  
involve  d i r e c t  material c o s t  o n l y  s i n c e  c u t t i n g ,  f i t t i n g ,  and a t -  
tachment would have t o  be s p e c i f i e d  by engineer ing  drawings and 
p r i c e d  i n  accordance w i t h  t h e  complexity of t h e s e  o p e r a t i o n s .  
Material c o s t s  f o r  t h r e e  b l a n k e t  i n s u l a t i o n s  i n  q u a n t i t y  of 930 
m2 ( ~ O , O O O  f t 2 )  are as follows: 

Kaowool 1400; 1.27 c m  (0.50 i n . )  t h i c k ;  
0.13 g / c c  (8 l b / f t 3 )  d e n s i t y  

Fiberchrome; 1.27 c m  (0.50 i n . )  t h i c k ;  
0.13 g /cc  ( 8  l b / f t 3 )  d e n s i t y  

$12,600 

$12,800 

S a f f i l  Alumina HT; 1 .90  cm (0.75 i n . )  t h i c k ;  
0.08 g /cc  (5 l b / f t 3 )  d e n s i t y  

F a b r i c a t i o n  c o s t s  f o r  930 m2 (10,000 f t 2 )  of 2.5 c m  (1 i n . )  t h i c k  
R S I  t i l e  are based on S a f f i l  Alumina HT f i b e r  and e t h y l  s i l i c a t e  
( S t a u f f e r  Si lbond H-4) b inder .  The RSI would be  made as b locks  
43.2x43.2x6.4 c m  (17x17x2-1/2 i n . )  i n  s i z e  and e i g h t  i n d i v i d u a l  
t i l e s ,  20.3x20.3x2.5 c m  ( 8 x 8 ~ 1  i n . )  would be  c u t  from each block.  
The 3000 b locks  (24,000 t i l es )  would y i e l d  990 m2 (10,650 ft’) of 
R S I  and a l low a scrappage f a c t o r  of 6.5% t o  produce t h e  requi red  
amount. Raw materials requirements  f o r  t h i s  q u a n t i t y  of RSI  a r e  
as follocrs: 

$38,400 

S a f f i l  Alumina HT F i b e r  4500 kg (10,000 l b )  

Si lbond H-4 5000 kg (11,000 l b j  

I sopropyl  Alcohol 21,000 kg (47,000 lb) 

Concentrated I;HI,OH 300 kg (650 l b )  

Separan AP-30 80 kg (170 l b )  

To produce t h e  designated q u a n t i t y  of R S I  t i l e  over  a t i m e  per iod  
of one year r e q u i r e s  a group of e i g h t  people  c o n s i s t i n g  o f :  

6 Manufacturing Technicians 

1 Superv isor  

1 Qual i ty  Cont ro l  Inspec tor  
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Man-hours a l l o c a t e d  t o  t h e  v a r i o u s  o p e r a t i o n s  involved  i n  R S I  pro- 
duc t ion  a r e  as fo l lows:  

Material p repa ra t ion  2000 h r  

F e l t i n g  4000 h r  

Drying 500 h r  

Impr e gna t i o n  4000 h r  

F i r i n g  500 h r  

Mach i n  i n  g 1000 h r  

Superv is ion  2000 h r  

I n s p e c t i o n  2000 h r  

Shipping 384 h r  

Coctrac t suppor t  200 h r  

T o t a l  material and f a b r i c a t i o n  c o s t  f o r  930 rn2 (10,000 ft2) S I  
t i l e  i s  $513,130, based on c u r r e n t  material and l a b o r  c o s t s .  The 
c o s t  breakdown is summarized i n  Table  33.  The cor responding  u n i t  
c o s t  f o r  an i n d i v i d u a l  RSI  t i l e ,  20.3x20.3x2.5 cm ( 8 x 8 ~ 1  i n . )  i n  
size i s  $21.38. 
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I x. SUMMARY OF RESULTS 

A. FIBER CAKES 

B. 

I r i s h  R e f r a s i l ,  S a f f i l  Alumina HT, and S a f f i l  Z i r c o n i a  HT f i b e r s  
had a narrow f i b e r  d iameter  range and were e s s e n t i a l l y  f r e e  of 
s h o t  c o n t e n t .  

Separan AP 30 d e f l o c c u l a t i n g  a g e n t ,  added t o  t h e  f e l t i n g  water 
i n  a c o n c e n t r a t i o n  of 0.05% w a s  found t o  b e  very  b e n e f i c i a l  t o  
producing w a t e r - f e l t e d  f i b e r  cakes .  A 0.12 g / c c  f i b e r  cake den- 
s i t y  could b e  r e a d i l y  a t t a i n e d  w i t h  I r i s h  R e f r a s i l ,  S a f f i l  Alumina 
HT, S a f f i l  Z i r c o n i a  HT, and B&W M u l l i t e  f i b e r s .  F i b e r f r a x  H and 
3 Micron M u l l i t e  shrunk dur ing  oven d r y i n g  and y i e l d e d  h i g h e r  
f i b e r  cake d e n s i t i e s .  Three Micron Mul l i t e  f i b e r  cakes were f r a -  
g i l e  and broke d u r i n g  handl ing a f t e r  f u r n a c e  exposure.  

A d e n s i t y  i n c r e a s e  g r e a t e r  than  30% o r  a l i n e a r  s h r i n k a g e  g r e a t e r  
t h a n  15% r e s u l t i n g  from thermal  exposure denotes  u n s a t i s f a c t o r y  
performance. On t h a t  b a s i s ,  a l l  f i b e r  cakes were r a t e d  satis-  
f a c t o r y  f o r  500 hours  a t  1000°C; only  S a f f i l  Alumina HT ( n e w .  
f i b e r  l o t )  and B6W Mullite were r a t e d  s a t i s f a c t o r y  f o r  500 hours  
a t  1400°C and none of t h e  f i b e r  cakes were s a t i s f a c t o r y  f o r  even 
25  hours  a t  1600°C. B&W M u l l i t e  w a s  t h e  only  f i b e r  cake t h a t  
d i d  n o t  become hard and c r u s t y  o r  exper ience  l a r g e  shr inkage  o r  
sample c o l l a p s e  a f t e r  5 hours a t  1600°C. 

C r y s t a l l i n i t y  of f i b e r  cakes i n c r e a s e d  wi th  exposure temperature .  
I r i s h  R e f r a s i l  remained n o n c r y s t a l l i n e  a f t e r  500 hours  a t  1000°C 
w h i l e  t h e  s t r o n g l y  c r y s t a l l i n e  s t r u c t u r e  of S a f f i l  Z i r c o n i a  HT 
was unchanged by t h e  1000°C exposure.  A l l  o t h e r  f i b e r  cakes ex- 
h i b i t e d  weak c r y s t a l l i n e  peaks a f t e r  500 hours  a t  1000°C. 

No change i n  f i b e r  g r a i n  s i z e  occurred  as a r e s u l t  of 1000°C ex- 
posure.  1200°C exposure produced g r a i n  growth i n  S a f f i l  Alumina 
HT ( o l d  m a t e r i a l  l o t )  while o t h e r  f i b e r  cakes were unchanged, 
based on SET.! o b s e r v a t i o n s .  A l l  f i b e r  cakes e x h i b i t e d  g r a i n  growth 
a f t e r  500 hours  a t  1400°C. 

6 LAN KET MATER l ALS 

S a f f i l  Alumina HT and Fiberchrome were t h e  two b e s t  b l a n k e t  insu-  
l a t i o n s ,  based on dimensional  s t a b i l i t y ,  performing s a t i s f a c t o r y  
a t  1400°C f o r  500 and 100 hours  r e s p e c t i v e l y .  The len.gth,  width 
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and t h i c k n e s s  of S a f f i l  Alumina HT shrunk less than  6% a t  1400°C. 
Kaowool 1400 e x h i b i t e d  t h e  least  g r a i n  growth and t h e  lowest 
weight l o s s  a f t e r  500 hours  a t  1400°C. Shrinkage of Kaowool 1400 
a f t e r  500 hours  a t  1200°C and a f t e r  100 hours  a t  1400°C w a s  less 
than 6% i n  l e n g t h  and width b u t  more than  20% i n  t h i c k n e s s .  

F i b e r f r a x  H and Microquartz b l a n k e t  became r i g i d  and deformed dur- 
i n g  furnace  exposure a t  1000 and 1200°C and dimensional  changes 
were t h e r e f o r e  d i f f i c u l t  t o  measure. S a f f i l  Alumina and Z i r c o n i a  
HT b l a n k e t s  contained an organic  b i n d e r  t h a t  burned o f f  dur ing  
i n i t i a l  furnace exposures  and r e s u l t e d  i n  a weight l o s s  of 10% 
and 7% r e s p e c t i v e l y .  

No change i n  g r a i n  s i z e  occurred as a r e s u l t  of 1000°C exposure.  
1200°C exposure produced s l i g h t  g r a i n  growth i n  S a f f i l  Alumina 
HT b l a n k e t  and evidence of f i b e r  embr i t t l ement  i n  F i b e r f r a x  H 
b l a n k e t .  A l l  b l a n k e t s  e x h i b i t e d  g r a i n  growth a f t e r  500 hours  a t  
1400" C .  

Room temperature  thermal c o n d u c t i v i t y  of S a f f i l  Alumina HT b l a n k e t  
w a s  approximately 202 h i g h e r  than  t h a t  of Fiberchrome and Kaowool 
b e f o r e  thermal  exposure.  Thermal c o n d u c t i v i t y  of S a f f i l  Alumina 
HT and Fiberchrome i n c r e a s e d  less than  10% ( a c c e p t a b l e  performance) 
as a r e s u l t  of 1.000 and 1200°C exposure f o r  500 hours  w h i l e  t h a t  
of Kaowool 1400 i n c r e a s e d  approximately 28%. The t h r e e  b l a n k e t  
materials e x h i b i t e d  thermal  c o n d u c t i v i t y  i n c r e a s e s  g r e a t e r  than  
50% a f t e r  500 hours  a t  1400°C. 

C. RSI MATERIALS 

Uniform Reusable Surface  I n s u l a t i o n  (RSI) w a s  produced by impreg- 
n a t i n g  water - fe l ted  and d r i e d  f i b e r  cakes w i t h  e t h y l  s i l i c a t e  and 
g e l l i n g  t h e  b i n d e r  i n  s i t u .  
20% of f i b e r  weight i n  t h e  impregnat ion s o l u t i o n ,  b i n d e r  pickup 
a f t e r  f i r i n g  ranged from 12.9 t o  14.6% of f i b e r  weight .  RSI  
t i l e  d e n s i t i e s  of 0.150 and 0.156 g / c c  could  b e  r e p e a t a b l y  achieved 
w i t h  S a f f i l  Alumina HT and B&W X u l l i t e  f i b e r s .  Using i d e n t i c a l  
t echniques ,  S a f f i l  Z i r c o n i a  HT f i b e r s  y i e l d e d  t i l e  d e n s i t i e s  of 
0.177 g / c c .  F i r i n g  RSI t i l e  f o r  30 minutes  a t  1371°C (2500°F) 
produced t i l e  of good s t r e n g t h  and thermal  s t a b i l i t y .  L i n e a r  
f i r i n g  shr inkage  was l e s s  than  2 ' J .  

Using b i n d e r  s o l i d s  i n  an amount of 

Exposure t o  25 thermal/vacuum cycles a t  s u r f a c e  tempera tures  of 
1300 and 1400°C d i d  n o t  s i g n i f i c a n t l y  change t h e  weight ,  s i z e ,  
d e n s i t y ,  and f i b e r  morphology, n o r  degrade s t r e n g t h ,  e l o n g a t i o n ,  
o r  thermal  c o n d u c t i v i t y  of.. t h e  RSI  t i l e  specimens.  
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F l e x u r a l  s t r e n g t h s  of S a f f i l  Alumina HT and S a f f i l  Z i r c o n i a  HT 
RSI were more than  twice  and t h e i r  moduli of e l a s t i c i t y  were 
n e a r l y  f i v e  times t h a t  of B&W M u l l i t e  R S I .  Pe rcen t  s t r a i n  a t  
f a i l u r e  of S a f f i l  Alumina and Z i r c o n i a  HT w a s  approximately 50% 
of t h e  f a i l u r e  s t r a i n  of B&W M u l l i t e .  

Room tempera ture  thermal c o n d u c t i v i t y  of S a f f i l  Alumina HT R S I  
w a s  approximately t h r e e  times h i g h e r  than  t h a t  of S a f f i l  Z i r c o n i a  
HT RSI  and 2% t i m e s  h ighe r  than  t h a t  of B&W N u l l i t e  R S I  b e f o r e  
exposure.  A f t e r  exposure ,  i t  was reduced t o  a l i t t l e  over tw ice .  

D. FABRICATION COST ANALYSIS 

Material and f a b r i c a t i o n  c o s t s  f o r  930 m2 (10,000 f t 2 )  of b l a n k e t  
materials and of RSI  t i l e  were gene ra t ed .  

F ibrous  i n s u l a t i o n  materials can be  cons idered  low c o s t  f o r  aero- 
space  app l i ca t i . on  i f  t h e i r  p r ice  i s  less than $30 p e r  kg .  The 
c o s t  of two materials inc luded  i n  t h i s  s tudy ,  M u l l i t e  f i b e r s  and 
I r i s h  R e f r a s i l  f i b e r s  exceeded t h a t  amount. 

The c o s t  of Fiberchrome and Kaowool 1400 b lanke t  i n  product ion  
q u a n t i t y  is  approximately 113 t h a t  of S a f f i l  Alumina HT b l a n k e t .  

Based on c u r r e n t  material and l a b o r  c o s t s ,  i t  would c o s t  $513,000 
t o  make 930 m2 (10,000 f t 2 )  of  R S I  t i l e  ( 8 x 3 ~ 1  i n . )  u s ing  S a f f i l  
Alumina IIT f i b e r  and t h e  p r e p a r a t i o n  technique  developed i n  t h e  
program. Cost is  broken down as 602 l a b o r ,  30% r a w  material, and 
10% p r o f i t .  
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CONCLUSIONS AND RECOMMENDATIONS 

CON C L U S IO NS 

i ' ime-temperature exposures  of f i b e r  cakes ,  b l a n k e t s ,  and R S I  
t i l e s  revea led  t h a t  RSI t i l e s  a r e  less s u s c e p t i b l e  t o  weight ,  
dimensional  and c r y s t a l l o g r a p h i c  changes than  f i b e r  cakes o r  
b l a n k e t s .  This  can be  a t t r i b u t e d  t o  t h e  s t a b i l i z i n g  e f f e c t s  of 
t h e  1371°C (2500'F) R S I  f i r i n g  c y c l e  and t o  t h e  use  of a r i g i d  
b i n d e r  which locks  t h e  f i b e r s  i n  p l a c e .  
t h e  average  d e n s i t y  change i n  f i b e r  cakes ranged from 1.8% de- 
c r e a s e  (B6W I l u l l i t e )  t o  43% i n c r e a s e  ( S a f f i l  Alumina HT-old f i b e r  
l o t )  and t h e  average d e n s i t y  change i n  b l a n k e t s  ranged from 19.8% 
i n c r e a s e  ( S a f f i l  Alumina HT) t o  97.5% i n c r e a s e  ( S a f f i l  Z i r c o n i a  
HT). I n  c o n t r a s t ,  25 h e a t  c y c l e s  t o  1400°C caused average d e n s i t y  
changes i n  R S I  t i l e  ranging  from 0% ( S a f f i l  Z i r c o n i a  HT) t o  1.3% 
<b&N F l u l l i t e ) .  Although cumulat ive R S I  t i l e  exposure w a s  on ly  
2 . 8  h o u r s ,  comparison of R S I  s t a b i l i t y  w i t h  t h a t  of f i b e r  cakes 
and b l a n k e t s  a f t e r  25 hours  i s  v a l i d  s i n c e  t h e  observed changes 
appear t o  occur e a r l y  dur ing  t h e  exposure p e r i o d .  The g r e a t e r  
d imens isna l  and d e n s i t y  changes i n  b l a n k e t s  compared t o  f i b e r  
cakes i s  probably due t o  t h e  p r e f e r r e d  o r i e n t a t i o n  of f i b e r s  and 
t o  t h e  u s e  of  o rganic  b i n d e r s  and p o s s i b l y  o t h e r  p r o c e s s i n g  a i d s  
i n  t h e  b l a n k e t  i n s u l a t i o n s .  

A f t e r  25 hours  a t  1400°C, 

Based on dimensional  and d e n s i t y  changes and on observed v i s u a l  
appearance a f t e r  thermal  exposure ,  S a f f i l  Alumina HT (new f i b e r  
l o t ) ,  B&W ! ~ l u l l i t e  and S a f f i l  Z i r c o n i a  HT were t h e  b e s t  f i b e r  cake 
m a t e r i a l s  while  S a f f i l  Alumina HT and Fiberchrome were t h e  b e s t  
b l a n k e t  i n s u l a t i o n s .  

The room temperature  thermal  c o n d u c t i v i t y  of S a f f i l  Alumina HT 
b l a n k e t  decreased 3% as a r e s u l t  of 500 hours  exposure a t  1200°C, 
t h a t  of Fiberchrome i n c r e a s e d  4 % ,  and t h a t  of Kaowool 1400 in-  
c reased  28%. A f t e r  500 hours  exposure a t  1400"C, thermal con- 
d u c t i v i t y  had i n c r e a s e d  65% f o r  S a f f i l  Alumina IIT, 69% f o r  F iber -  
chrome, and 57% f o r  Kaowool 1400. The changes i n  room tempera- 
t u r e  thermal  c o n d u c t i v i t y  of R S I  t i l e  a f t e r  thermal  c y c l i n g  a t  
1200 and 1400°C ranged from 19% d e c r e a s e  t o  6% i n c r e a s e .  

The f l e x u r a l  s t r e n g t h ,  s t r a i n  t o  f a i l u r e  and modulus of e l a s t i c i t y  
of S a f f i l  Alumina HT and B&W M u l l i t e  R S I  w a s  e s s e n t i a l l y  u n a f f e c t e d  
by thermal  cyc l ing  a t  1200 and 1400°C e x c e p t  f o r  a 13% d e c r e a s e  i n  
f a i l u r e  s t r a i n  of BbW M u l l i t e  a f t e r  1400°C c y c l i n g .  
s t r e n g t h ,  s t r a i n  t o  f a i l u r e  and modulus o f  e l a s t i c i t y  of S a f f i l  
Z i r c o n i a  HT R S I  i n c r e a s e d  37%, 12%,  and 12% r e s p e c t i v e l y  a f t e r  
1400" C cyc l ing .  

The f l e x u r a l  



B. 

A l l  materials e x h i b i t e d  g r a i n  growth a f t e r  500 hours  a t  1400°C; 
t h u s  none of t h e  materials t e s t e d  have t r u e  long t i m e  s t a b i l i t y  
a t  t h a t  t empera ture .  
materials a t  1000°C. 
wi th  exposure temperature  and became s i g n i f i c a n t  between 1200 and 
1400" C . 

C r y s t a l l o g r a p h i c  changes s t a r t e d  i n  some 
C r y s t a l l i n i t y  of a l l  materials i n c r e a s e d  

A s h o r t  t i m e ,  h igh  temperature exposure of b l a n k e t  i n s u l a t i o n s  
would tend t o  s t a b i l i z e  t h e i r  s i z e ,  weight ,  d e n s i t y ,  c r y s t a l -  
l i n i t y ,  and g r a i n  s i z e  b e f o r e  a p p l i c a t i o n  and i n c r e a s e  t h e i r  
p o t e n t i a l  use  tempera ture .  

A q u a l i t a t i v e  r a t i n g  base  f o r  t h e  materials s t u d i e d  i n  t h i s  pro- 
gram i s  as fol lows:  

BEST FIBER 

Low c o s t  F i b e r f r a x  H 
Un i f o r m i  t y 
Weight Loss S a f f i l  Z i r c o n i a  HT 
Dimensional S t a b i l i t y  B&W M u l l i t e  
Chemical S t a b i l i t y  B&W M u l l i t e  

I r i s h  R e f r a s i l  

BEST BLANKET 

Low c o s t  F ib  e rch rome 
Weight Loss Kaowool 1400 
Dimensional S t a b i l i t y  S a f f i l  Alumina HT 
Chemical S t a b i  li t y  Kaoirool 1400 
Thermal Conduct iv i ty  F i b e r  ch r ome 

BEST RSI  

Low c o s t  S a f f i l  Alumina HT 
Ease of P r o c e s s i n g  S a f f i l  Alumina HT, B&W M u l l i t e  
S t r e n g t h  S a f f i l  Alumina and Z i r c o n i a  HT 
Thermal Conduct iv i ty  S a f f i l  Z i r c o n i a  HT 
Thermal S t a b i l i t y  Alumina, Z i r c o n i a ,  N u l l i t e  

R ECOMM EN D AT1 ONS 

-. i n e  work accompiished has  suggested a nuiiiber of a d d i t i o i i a l  i n v e s t i -  
g a t i o n s  which were beyond the scope of t h e  c u r r e n t  program. However, 
t h e s e  i n v e s t i g a t i o n s  would have t o  be  o r i e n t e d  towards s p e c i f i c  
a p p l i c a t i o n s  s i n c e  i t  has  been shown t h a t  ox ide  f i b e r  i n s u l a t i o n s  
have p o t e n t i a l  f o r  long time aerospace  use a t  1200°C and could b e  
s t a b i l i z e d  t o  meet s h o r t e r  d u r a t i o n  1400°C requirements .  I n v e s t i -  
g a t i o n s  would i n v o l v e  eva lua t ion  of new o x i d e  f i b e r  systems,  
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precondi t ion ing  of f i b e r s  and b l a n k e t s ,  s t u d i e s  of R S I  t i l e  den- 
s i t y  e f f e c t s  and o p t i m i z a t i o n  of t h e  RSI t i l e  f a b r i c a t i o n  p r o c e s s  
t o  a s s u r e  q u a l i t y  products  capable  of meeting t h e  requirements  of 
s p e c i f i e d  a p p l i c a t i o n s .  
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Figure  1.- SEM photograph (1150X) of I r i s h  R e f r a s i l  
f ibers .  

Figure 2 . -  SEM photograph (330X) of F i b e r f r a x  H 
f i b e r s  showing s h o t  c o n t e n t .  
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Figure  3 . -  SEM photograph (1040X) of S a f f i l  Alumina 
HT f i b e r s .  

F igure  4 . -  SEM photograph (1040X) of S a f f i l  Z i rconia  
HT f i b e r s .  
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Figure  5.- Si3 photograph (320X) of B&W M u l l i t e  
f i b e r s  showing sho t  c o n t e n t .  

F igure  6 . -  SEM photograph (1040X) of 3 Micron 
M u l l i t e  f i b e r s  showing s h o t  c o n t e n t .  
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Figure 7 .  - Irish Refrasil fiber cake samples. 

Figure 8 .  - Saf f i l  Alumina HT fiber cake samples. 
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Figure 9. - Saffil Zirconia  HT f i b e r  cake samples. 

Figure 10. - B&W Mullite f i b e r  cake samples. 



Figure 11.- 3 Micron Mullite fiber cake samples. 

Figure 12.- Fiberfrax H fiber cake samples. 
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F i g u r e  13.- Fibe r f r ax  H blanket samples. 

Figure  14.- Kaowool 1400 blanket samples. 
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Figure 15. - Fiberchrome blanket s a m p l e s .  

Figure 1 6 . -  S a f f i l  Alumina HT blanket samples. 
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Figure 17.- Saffil Zirconia HT blanket samples. 

. , o . . s  . I. I I  

i 
~ 

Figure 18.- Microquartz blanket samples. 
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Con t r ol 

25 cycles at 1400°C 

Figure 58.- SEM photograph (300X) of S a f f i l  Alumina RSI 

86 



Con t r o 1 

25 cycles at 1400°C 

Figure 59.- SEM photograph (300X) of S a f f i l  Zirconia R S I  
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25 c y c l e s  a t  1400°C 

Figure  60.- SEM photograph (300X) of B&W M u l l i t e  RSI 
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TABLE 2 9 . -  X-RAY DIFFRACTION SU"4RY FOR FIBERCAKES AND BLANKET INSULATION 

StronF C r v s t o b a l i t e  
i r a k s  and modern re ly  
s t r o n r  W311ite peaks 
a f t r r  50U h r s .  

?! icron 
' : u l l L t e  Cake 

S t r o n p  ? l u l l i c e  peak: 
a f t e r  5 h r s .  !:c ev idence  
of L r y s t o b a l i t e .  

S a f f i l  Alumin, 
P1 Elanke t  

S t r o n p l y  c r y s t a l l i n e  ' 
a f t e r  500 h r s .  Phases  
p r e s e n t  a r e  Y u l l i t e  and 
a c o n s i d e r a b l e  m o u n t  
of Alpha Alu-ina (Co- 
rundun) .  S t r o n p  peak 
a t  3.18 A' i n d i c a t i v e  
of a t r i c l i n i c  k v a n i t e  
S t r u c t u r e .  

Modera t e ly  s t r o n p  c ry -  
s t a l l i n e  peaks a f t e r  
500 h r s .  P r i n c i p a l l y  
M u l l i t e  w i t h  some Alpha 
Alumina (Corundurr). 

Eloderatel?  s t r o n p  Alpha 
Alumina (Corundum) 
peaks  a f t e r  500 h r s .  

> a i i i l  Z i r -  
c o n i a  t?? 
Blanket  

S r r o n p l y  c r y s t a i l i n e  
a f t e r  200 h r s .  Phases  
p r e s e n t  2re > ! u l l i t r  and 
a c o n s i d e r a b l e  amount o f  
Alpha Alumina (Corundum) 
i n  Save r e l a t i v e  pro-  
p o r t i o n s  a s  a f t e r  5U'! 
h r s  a t  1400°C. Very weak 
peak a t  3.1F .A'. 

Modera te ly  s t r o n e  c ry -  
s t a l l i n e  peaks a f t e r  
200 h r s .  X u l l i t r  and 
Alpha Alumina (Corundun) 
i n  abou t  e o u a l  p a r t s .  

Ploderately s t r o n p  Alpha 
Alumina (Corundum) peaks 
a f t e r  2 5  h r s .  S t r o n g  
Corundum peaks  and weak 
Y u l l i t e  peaks  a f t e r  200 

S a i i i l  
Z i r c o n i a  "I 
Cake 

S on r rvs t a  11 i n e  

X o n c r v s t a l l i n e  

N o n c r y s t n l i i n e  

3 weak U n i d e n t i f i e d  
l i n e s .  

Very ueak  Y u l l i t e  
peaks.  

5 weak u n i d e n t i f i d  
peaks .  Ya lo r  peak 
a t  abou t  1.395 A ' ,  
i n d i c a t i v e  of Gamma 
A l u i i n a  ICuSic) .  

5 weak u n i d e n t i f i e d  
5.e r k .  

S t r o n g l y  c r y s t a l l i n e  
L r v s z a l  form appea r s  
t o  be t e t r a z o n a l  o r  
m i x t u r e  of cubic  and 
t e  t r a e o n a l .  

S t r o n g  c r y s t a l l i n e .  
C r y s t a l  form appea r s  
t o  b e  mix tu re  of 
c u b i c  and t e t r a -  
e o n a l .  

.ieak Y d l l i t e  neaks 
a f t e r  500 h r s .  

Yoder.1 t elv s t r o n p  
l l u l l i t e  peaks  a f t e r  
500 h r s .  

lrieak M u l l i t e  veaks 
a f t e r  500 h r s .  

Weak M u l l i t e  peaks  
a f t e r  100 h r s .  

8 weak u n i d e n t i f i e d  
peaks  a f t e r  100 h r s .  
Major peak a t  abou t  
1 .395  A'. i n d i c a t i v e  
of Gamma Alumina. 

6 weak u n i d e n t i f i e d  
peaks a f t e r  500 h r s .  
Xajor  peak a t  about  
1.395 A "  i n d i c a t i v e  
ol Gamma A l u r i n ~ . .  

S t r o n g l y  c r y s t a l l i n e  
a f t e r  100 h r s ,  
s i m i l a r  t o  c o n t r o l .  

S t r o n p l y  c r v s t a l l i n e  
a f t e r  500 h r s .  C r v s t ?  
form a p p e a r s  t o  b e  
t e t r a p o n a l .  

200°C 

'eak C r p s t c b a l i c  peak 
4 . 0 5 A ' )  and H u l l i t e /  
i l l i n a n i t e  peaks 
f t e r  500 hrs. 

leak > l u l l i t e  neaks  
~ f t e r  500 h r s .  Same a! 
t f t e r  500 iirs a t  1000"( 

l o d e r a t e l y  s t r o n p  Xul- 
. i r e  peaks a f t e r  50 hr!  
l u l l i t e  and t r a c e  un- 
:nohms a f t e r  100 h r s .  

l o d e r a t e l y  s t r o n g  Elul- 
. i t e  peaks a f t e r  500 
irs.  

l o d e r a t e l y  s t r o n g  Yul- 
l i t e  peaks  and t r a c e  
inknowns a f t e r  100 hrs  

l o d e r a t e l y  s t r o n p  Alph 
\ lumina (Corundum) 
l e a k s  a f t e r  500 hrs .  

Yodera t e lv  s t r o n a  A l p h  
\ lumina (Corundum) 
oeaks and weak ? l u l l i c e  
p e a l . -  a f t e r  500 h r s .  

S t r o n p l  y c r y s t a l l i n e  
a f t e r  4 2 5  h r s ,  s i m i -  
l a r  t o  c o n t r o l .  

Xodera t e ly  s t r o n g  c ry -  
s t a l l i n e  peaks  a f t e r  
500 h r s .  C r v s t a l  forrr. 
a p p e a r s  t o  b e  m i x t u r e  
t e t r a g o n a l  and mono- I c l i n i c  ( B a d d e l e p i t e ) .  

S t r o n g l y  c r y s t a l l i n e  a f t c r  
15  h r s .  C r y s t a l  fcrm ap- 
p e a r s  t o  b e  m i x t u r e  of  
c u b i c  and t e t r a g o n a l  x i t i i  
a t r a c e  of monoc l in i c  
( B a d d e l e p i t e ) .  

form a p p e a r s  t o  be t e t r a -  
g o n a l  w i t h  a moderate  a- 
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TABLE 34.- COST SUMMARY FOR 930 m2 (10,000 f t 2 )  OF RSI TILE 

Hours Burdened Dollars 

Labor 

Superv is ion  

F a b r i c a t i o n  

Q u a l i t y  Con t ro l  

Shipping  

Cont rac t  Support  

TOTAL LABOR 

Materials 

Alumina F i b e r  

S i lbond H-4 

I s o p r o p y l  Alcohol 

NH4OH 

2,000 

12,000 

2 , 000 

3 84 

200 

16,584 

Separan AP-30 

TOTAL MATERIALS 

FREIGHT 

TOTAL LABOR & MATERIALS 

PROFIT 

TOTAL PRICE 

48,660 

211 , 965 

41,501 

9,257 

4 , 441 

315,824 

124,450 

12,288 

10,794 

3 01 

569 

148,402 

2,256 

466,482 

46,648 

513,130 

12 3 


